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Preface to ”Actions for Bioenergy and Biofuels: A

Sustainable Shift”

The pandemic period has led to a socioeconomic crisis that will have serious repercussions for

production systems, as well as citizens’ lives. This is furthered by the pollution caused by fossil

fuels and concerns about damage to health and the environment. However, it is precisely in times

of difficulty that it is necessary to identify a turning point and introduce a paradigmatic shift that

can reconcile wellbeing with environmental and health protection. Increased citizen awareness,

new employment outlets, the growing economic opportunities associated with the sustainable

management of natural resources, as well as a growing respect for ecosystems, point to sustainability

as a key driver of recovery. This Topic introduces the concept of sustainable hand, in which the point

of connection between nature and man can occur if we adopt a systemic vision, which is participatory

and oriented to social welfare. The use of natural resources, biofuels and bio-based products is one

direction in which we can move. Are you ready for this green transition?

Idiano D’Adamo and Piergiuseppe Morone

Editors
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The European Commission emphasised that a bioeconomy is an economy that uses
renewable biological resources from the land and sea (e.g., animals, crops, fish, forests and
microorganisms) to produce energy, food and materials [1]. Consequently, the topic of
bioenergy must be included within the sectors of the bioeconomy, which also includes tra-
ditional sectors (e.g., agriculture and forestry) and innovative sectors (e.g., manufacturing).
Europe plays a key role in the evolving bioeconomy, but the performance of individual
countries shows different values in terms of turnover, added value and personnel [2].
The aim is to support the development of these sectors globally in order to reach the
17 Sustainable Development Goals [3] with a special focus on circular bioeconomy [4].

Bioenergy, derived from biomass is applicable in all energy sectors (heat, electricity
and transport). Human vulnerability to climate change—amplified by the COVID-19
pandemic—is a very serious threat to modern societies that requires urgent action. Given
the complexity of the challenges, the efficient and sustainable usage of all resources is
needed. The question we start with is: if people consume energy, are they responsible for
environmental pollution? We believe that this is not the correct question to be posed, but
certainly consumers are expected to engage in responsible behaviors. Similarly, should
producers be expected to generate and use clean energy even if this leads to economic
losses? Again, we believe this is not a valid question, yet producers are urged to make
forward-looking choices when defining their production strategy—able to incorporate
social and environmental (external) costs along with private costs.

Technological progress in transitioning to renewable energy-based systems is proving
the greater competitiveness of these green resources that in various scenarios have become
competitive with respect to gray resources, especially in the context of the fact that more
than 10,000,000 people die each year due to air pollution, most of which is due to combus-
tion of fossil fuels [5,6]. These and many climate-change related costs that are currently
externalized must be integrated into our transition policies, practices and timetables.

Thus, we envisage two levels of analysis: first, all externalities should be properly
identified; second, a sound and agreed upon methodology able to assign values to each of
these externalities should be developed. However, this second phase is complex because not
everything can always be translated into economic terms and because the value assigned
may not be objective. While for the first problem, the solution may be to compare with
comparable items, the second is simpler because it only requires alternative analyses to be
carried out alongside the baseline ones.

The balance sheet associated with renewable energy tends to assign a positive value
to externalities, but how high is this value? The social cost of carbon still has a low value,
but in recent years it has grown significantly. Is the social component actually included
in this externality? Unfortunately, we have to give a negative answer. It is precisely this
absence that weighs on policy choices. How much do the exploitation of minors, the low

Energies 2021, 14, 5661. https://doi.org/10.3390/en14185661 https://www.mdpi.com/journal/energies
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rates of schooling, the serious poverty in which some families live, the lack of healthcare,
the inefficiency of the Public Administration and some judicial criticalities really cost? For
all these reasons, we can and should act now. This editorial focuses on the energy part
which is only one component of this great revolution. Renewables should not compete
with each other, as they are all required to replace fossil sources. The rapid advances in
efficiency and falling prices of wind and solar power make them increasingly cost-effective.
Sourcing and efficient usage of bio-energy based materials is also improving in many ways.

Analyzing bioenergy specifically, the International Energy Agency (IEA) concluded
that a reduction in environmental impact occurs in the following scenarios: (i) “Biomass
is grown sustainably or based on waste/residues”; (ii) “Converted to energy products
efficiently”; and (iii) “Used to displace GHG-intensive fuels”. Bioenergy includes several
potential feedstocks (e.g., organic residues and waste; forestry and agriculture), production
processes (e.g., fermentation; anaerobic digestion; gasification; pyrolysis; pelletisation;
advanced biofuel processes; chipping and torrefaction), products (e.g., biodiesel; bioethanol;
biogas; biomethane; renewable diesel; woodchips; pellets; pyrolysis oil; bio-synthetic gas;
refuse derived-fuel and other advanced biofuels) and final energy use (e.g., biofuels for
transport; combustion for electricity; combustion for heat and biomass-based materials
and products) [7].

The literature has shown an exponential growth in the number of papers published
on the topic of bio-resources for energy applications [8] and it has been documented that
economic growth is influenced by the productivity of resources, including bioenergy [9].
Thus, it is evident that the growth of the bioenergy industry helps to reduce pollution and
unemployment [10]. However, bio-resources have many other potential attributes that
must be analyzed. Several authors have concluded that bioenergy can play an important
role in the decarbonization of society. Thus, the uses and trade-offs of bioenergy must be
explored from multiple perspectives.

It is essential to identify decision-making models that support both policy-makers and
other stakeholders by comparing different alternatives [11]. The development of bioenergy
must be integrated within emerging markets that support ecologically sound economic
development of these territories based upon sustainable models [12]. In this direction, the
comparison among countries is valuable in helping researchers to identify which business
models have shown the main advantages [13].

In this context, it is essential to broaden and deepen the analyses of bio-energy ma-
terials that could be used to help to achieve sustainability objectives [14]; additionally,
analyses must be performed that consider the bio-based system’s sustainability by per-
forming holistic analyses of the competing demands for and alternative uses of bio-based
materials [15].

Analyses must be made on specific cases [16] as well as on local, regional, national and
global bases for the short and long term future in the context of climate change, pandemics
such as COVID-19 and one more giant factor.

What is that factor? It is that if the world’s human population continues to increase at
the current net increase of approximately 83 million people per year, the global population
will increase from 7.9 billion to 9.7 billion by 2050 [17]. In that context, societies must
factor in the increasing land that will be needed for food production and decide about the
trade-offs between land for producing food and land for producing bio-based materials for
non-dietary purposes.

Renewable energies are essential parts of the energy revolution in which the goal is to
replace production from fossil fuels with those from renewable sources. In this framework,
biomasses are the sources that can present the highest impact compared to other green
sources, such as wind, photovoltaic and hydropower, but nevertheless energy consumption,
both at the industrial and domestic level, are significant. Having a reduction due to energy
efficiency interventions is certainly positive news; having a reduction due to a lower
purchasing power indicates an economic decrease, and as such it cannot be welcomed.
Biomasses are appropriate in the systems of supply and energy consumption at a local level.
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This means that the production of energy from biomass obtained locally is significantly
more sustainable than that obtained with biomass from other territories, in some cases even
crossing national borders. This practice must be monitored and must include sustainability
analyses that justify its application. In fact, the objective is to encourage the use of renewable
sources to allow a circularity alongside an optimal trade-off between food production, and
the production of bio-based energy resources. It must be remembered that the current
transport sector contributes significant quantities of global emissions and the percentage of
renewable energies in this sector has not yet achieved optimal levels [18].

Another delicate issue is certainly represented by the choice of bio-substrates. There is
a perception that many of the available resources are not fully utilized, for example the
proper use of forest trees, organic residues from agriculture, forestry or landscaping, or
residues from the animal breeding sector. In addition, uncultivated (marginal) agricultural
land could be used and the whole system could be optimized while ensuring an equitable
and sustainable balance of the water–energy–food nexus.

The objective of future research should be focused on solving daily and longer-term
problems; therefore, it is necessary to encourage collaboration among research centers and
business structures to propose methodologies and solutions that will be able to develop
answers to the food and bio-energy needs of society.

Unsustainable, intensive agricultural practices and burning forests and other vegeta-
tion are steadily increasing demands for bio-resources, and also causes serious environ-
mental consequences. In this context, the European Commission highlighted the following
points for reflection on the theme of bioenergy [19]:

(i) Can the production of bioenergy penalize citizens because it has the effect of increasing
the cost of raw materials, and therefore of the final price of some foods?

(ii) Might the cultivation of some of these dedicated resources for energy purposes lead
to labor exploitation?

(iii) Can the demand for land on which to grow these dedicated resources be a threat to
indigenous peoples?

These issues have a much broader perspective than the issue of bioenergy itself.
They concern a model of sustainable and inclusive development that depends on an
enhancement of the human component, particularly the collective, empowerment-oriented
to identify and solve problems and not to amplify clashes that only benefit fossil fuel-based
power lobbies. Education and training can play an essential role [20] and are manifested
by university courses that have belatedly begun to be provided via public seminars and
webinars.

Society can be empowered to demand answers from the political world to change
the status quo, while at the same time, the great global challenges are not based solely on
competitiveness, but on the reality that all of us must cooperate to help to ensure truly
sustainable futures for our children’s children’s children!

It is undeniable that the economic component has always had a primary role in the
choices of powerful institutional actors, and it is necessary to find a balance that does not
create short-term profitability for the few monopolies to impede the transition to equitable,
sustainable post-fossil-carbon societies globally, as soon as possible! We do not have time
to waste!

The concept of Adam Smith’s invisible hand could be readapted to that of a sustainable
hand, which, within a market, seeks the social optimum, as this is the only truly sustainable
approach, in the long term. For this to happen, new social norm paradigms models and
customs must be developed and implemented to help to govern social interactions to truly
sustainable futures.

In this sense, bio-based materials and products for all purposes, from food to other
uses, are essential renewables that require changes in one’s attitudes, visions, strategies
and actions, based on a principle of sharing resources. However, this challenge is very
complex—and becomes even more complex in those regions of the world characterized by
armed conflicts and where there are dictatorial regimes. It is increasingly serious in regions
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where climate change is causing dramatic changes from flooding due to the sea level rising
on the one side and to rapid expansion in desertification on the other side.

We have many challenges to address, but by co-working locally, regionally, nationally
and globally, we can and will make urgently needed transitions. Bio-based production for
food and other purposes is essential for humans and other life-forms on this planet.

Author Contributions: Conceptualization, I.D., P.M. and D.H.; writing—original draft preparation,
I.D., P.M. and D.H.; writing—review and editing, I.D., P.M. and D.H. All authors have read and
agreed to the published version of the manuscript.
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Abstract: The bioeconomy transition is a double-edged sword that may either address fossil fuel
dependence sustainably or aggravate human pressures on the environment, depending on how it
is pursued. Using the emblematic case of Brazil, this article analyzes how corporate agribusiness
dominance limits the bioeconomy agenda, shapes innovation pathways, and ultimately threatens the
sustainability of this transition. Drawing from scholarship on power in agri-food governance and
sustainability transitions, an analytical framework is then applied to the Brazilian case. The analysis
of current policies, recent institutional changes and the case-specific literature reveals that, despite a
strategic framing of the bioeconomy transition as a panacea for job creation, biodiversity conservation
and local development (particularly for the Amazon region), in practice major soy, sugarcane and
meatpacking conglomerates dominate Brazil’s bioeconomy agenda. In what can be described as
conservative ecological modernization, there is some reflexivity regarding environmental issues but
also an effort to maintain (unequal) social and political structures. Significant agribusiness dominance
does not bode well for smallholder farmers, food diversity or natural ecosystems, as major drivers of
deforestation and land-use change (e.g., soy plantations, cattle ranching) gain renewed economic and
political stimulus as well as greater societal legitimacy under the bioeconomy umbrella.

Keywords: agriculture; bioeconomy; agri-food systems; sustainability transitions; power relations;
biofuels; Amazon; soy; sugarcane; value chains

1. Introduction

A transition from a largely fossil-based to a renewable bio-based economy (a bioecon-
omy) has been increasingly seen as an imperative worldwide. Most global climate scenarios
for staying under a 1.5 ◦C or 2 ◦C mean temperature increase foresee increased bioenergy
use [1]. Climate change mitigation is, therefore, a key rationale behind bioeconomy promo-
tion, but not the only one. Marine plastic pollution, too, reveals the urgent need to shift
away from non-biodegradable goods and towards a circular economy based on renewable
resources. Circularity, in this regard, includes adding value to by-products and reducing
waste [2]. A question often left unasked, however, is who rules the circle. While most
studies address the environmental and economic dimensions of circular bioeconomies,
their social and political aspects have continuously been identified as a research gap [3].

Agri-food systems worldwide—understood as the entirety of supply chains, pro-
cessing and retailing stages “from farm to fork”—have become increasingly consolidated
over the past decades [4,5]. The bioeconomy, being significantly built on top of such
systems, does not emerge over a level playing field; rather, the bioeconomy mostly adds
to pre-existing agricultural and forestry sectors [6]. The novelty lies primarily in the new
applications that such biomass starts having or in new value chains being created, while
ideally also in the displacement of conventional fossil-based goods (e.g., fuels, plastics,
lubricants). Bioeconomy proponents frequently hail the potentials for creating jobs, con-
serving biodiversity, and the overall social and environmental good that such a transition
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can spur [7–10]. Yet, it is fundamental not to take such ideal scenarios for granted, as power
imbalances and vested interests can lead the bioeconomy onto tortuous ways.

This article explores some usually underexposed political dimensions of the bioe-
conomy transition. In particular, it assesses the role of power in steering bioeconomic
development pathways to date, using Brazil as an in-depth case study. Political and eco-
nomic power, notably from corporate agribusiness, largely shape the global agri-food
system as we know it. Several studies have detailed how powerful actors broadly set
agri-food agendas [11,12], mold policy incentive structures [13,14], establish dominant
patterns of agricultural production (including the pervasive use of toxic chemicals such
as glyphosate pesticides) [5], and broadly influence dietary patterns, food availability
and consumer preferences [15]. These issues are critical not only from the perspective of
democracy but also of sustainability, as corporate dominance limits governance agendas as
well as shapes technological and innovation pathways [16].

The bioeconomy, nevertheless, despite being built mostly over and from such a
consolidated agro-industrial system, is often approached gleefully, with its ample goodness
assumed at face value [7,17]. Yet it is key to unpack how actors have been steering its
development so far, off certain pathways and onto others, and the various ways power is
used to effectively govern the bioeconomy. That means going beyond merely investigating
the use of the concept of bioeconomy as a “master narrative” [18] to also assess the
practices linked to it, i.e., policies coming now under its aegis and the concrete sectors
that currently represent the bioeconomy’s de facto building blocks. As we shall see, while
creating some environmental benefits (notably from fossil fuel replacement), and despite
continuous talk of its potential for poverty alleviation and native biodiversity valorization,
the Brazilian bioeconomy remains primarily anchored on large sugarcane, soy and cattle
agroindustrial conglomerates—major drivers of deforestation, other ecological impacts,
and social exclusion [19–21]. How that dominance is achieved (and its workings) needs to
be understood if such a pathway is to eventually change towards sustainability.

Based on a comprehensive review of policies, government reports, and specific litera-
ture on Brazil (in English and Portuguese), this analytical article is structured as follows.
The next section develops a conceptual framework to study power manifestations in bioe-
conomy governance. It draws from work on the political economy of agri-food systems as
well as scholarship on power in sustainability transitions. Section 3 analyzes Brazil’s bioe-
conomy to date, reviewing its latest developments. Section 4 examines how different forms
of corporate power have been used to steer the agenda, and Section 5 discusses the broader
implications of that for the bioeconomy and sustainable development. Finally, Section 6
concludes the article with its key points and recommendations for further research.

2. Assessing Power in the Bioeconomy Transition: A Conceptual Framework

Although transition studies long remained focused on economic and technological
dimensions, political interrogations have gained growing traction [22,23]. Analysts have
observed that the governance of sustainability transitions does not escape the grips of
politics; rather, their governance designs get embedded in pre-existing political condi-
tions and often risk being captured by powerful actors [22,24]. Often, there are not just
one but multiple possible transition pathways and competing visions, including of the
bioeconomy and what it should accomplish [25,26]. Either out of self-interest, divergent
values, different worldviews or any combination of those, different actors or advocates
for particular pathways pursue distinct “policy beliefs.” That refers to actors’ contrasting
visions of how the institutional setting should look like, and therefore how it should change
or not change [27,28]. As such, there is a critical—and not to be overlooked—political
element to governing bioeconomy transitions.

A key concept for such political analyses is power. Power is a multi-faceted concept
that lacks a consensual and unambiguous definition. It has multiple dimensions. The
most straightforward one is that of “power to”, that is, the ability to get things done—or,
more specifically in a governance setting, “the capacity to mobilize resources and institutions to
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achieve a goal” ([22], p. 516). However, it may not be suitable to regard power in an atomistic
way, as if individual actors were isolated entities imbued with more or less power. Social
and political contexts are made of relations, including power relations. That is where the
dimension of “power over” comes to the fore, i.e., the ways through which one actor or
social group can exert dominance over others. Some authors also speak of “power with”,
emerging from forms of cooperation that increase the means and possibilities of the ones
involved [29].

In addressing power in the specific context of sustainability transitions, it is important
to regard who gets empowered and who becomes disempowered through (the pursued)
change [22]. In other words: who wins and who loses, whose capacities are increased or
diminished. Understanding these processes is critical not only because we live in a world of
marked inequalities that tend to be reproduced over time, but also because sustainability—
by definition—is to entail improvements in social equity [30,31]. The bioeconomy is
regularly presented as a socially benign transformation that can attain social as much as
broader environmental good [7,8,32], yet it is pivotal to analyze the facts under that claim.

One framework identifies three forms of power in transitions: (a) innovative power,
or the capacity to create new resources (e.g., technical innovations); (b) transformative
power, or the ability to change institutional settings (changing policies, obtaining new
incentives, etc.); and (c) reinforcive power, the capacity to reproduce—and, eventually,
reinforce—existing institutions [22]. In a way, they all are framed as instances of “power
to.” However, the latter two also have clear dimensions of “power over”, as control over
agendas—to either reinforce or change existing institutions—denote a level of political
dominance over other actors and competing advocacy. Those are different ends that may
be sometimes pursued via the same type of means (e.g., lobbying for self-serving policy
changes), and which change resulting configurations of who gets (further) empowered or
disempowered in transitions [22].

An alternative three-part framework—building on a long tradition of power studies—
focuses on the ways corporate power is exercised in agri-food governance [11]. First,
instrumental power is when an actor mobilizes resources to directly accomplish a goal or
impose its will over others, such as through political lobbying. Simply put, “A has power
over B to the extent that he can get B to do something that B wouldn’t otherwise do.” ([33], p. 203).
However, that does not capture the exercise of power in the form of agenda-setting—what
some authors refer to as structural power [11]. This “second face of power” builds on a
longstanding observation that actors can also exert dominance by constraining others’
range of choices and options, including limiting public or policy debates. As some have
put it:

“[P]ower is also exercised when A devotes his energies to creating or reinforcing social
and political values and institutional practices that limit the scope of the political process
to public consideration of only those issues which are comparatively innocuous to A. To
the extent that A succeeds in doing this, B is prevented, for all practical purposes, from
bringing to the fore any issues that might in their resolution be seriously detrimental to
A’s set of preferences.” ([34], p. 942)

Finally, a third face of power relates to how actors may shape the very views and wants of
others, securing their consent and, thus, pre-empting political competition. This form of power
encompasses various socially induced modifications of beliefs, attitudes or views—what some
of the literature treats under the concept of influence [35]. As it has been argued:

“A may exercise power over B by getting him to do what he does not want to do, but he
also exercises power over him by influencing, shaping or determining his very wants.
Indeed, is it not the supreme exercise of power to get another or others to have the desires
you want them to have—that is, to secure their compliance by controlling their thoughts
and desires?” ([36], pp. 23/27)

This more subtle form of power is extensively studied in the neo-Gramscian political sci-
ence tradition, concerned with how actors may achieve hegemony through consent rather
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than coercion [37,38]. Through influential discourses, understood as ways of framing and
apprehending the world, certain actors may come to shape what gets viewed as common
sense and benefits from social legitimacy ([39], p. 9). That is regarded as discursive power,
and some authors note how agribusiness corporations routinely use it to frame contentious
issues (e.g., genetically modified organisms) favorably in the public discourse—which
may, eventually, affect policymaking, regulations, and incentives [11,15]. Therefore, these
various dimensions of power should not be seen as separate but intertwined. Preponder-
ance and domination are usually achieved through a combination of the above, “through
an alignment of material, organizational and discursive formations which stabilize and reproduce
relations of production and meaning” ([40], p. 806).

Failure to address such a politics almost invariably is to the benefit of dominant actors,
which tend to more or less silently reproduce and reinforce their privileged positions.
Research, therefore, can “denaturalize dominant constructions, in part by revealing their con-
nection to existing power relations”, whereas researchers can work “to unmask these ideational
structures of domination and to facilitate the imagining of alternative worlds” ([41], p. 398).

Figure 1 illustrates this analytical framework based on the reviewed literature. The
three concentric circles—or the range of such power relations—suggest the width of work
of that power dimension. While the first is very specific to within a given economic
sector and its materially related environs, the second pertains to a whole set of policy and
politics surrounding the sector (in the bioeconomy’s case, land-use policy, agricultural
policy, energy policy, etc.), while the third theoretically reaches out to everyone from whom
recognition and support are ultimately sought. This broadest reach frequently may be
equated to public opinion and societal mores, which may in turn create social momentum
for particular agendas, stir consumer behavior, and create political will towards one’s
desired goals. In other words, that is also about securing legitimacy, understood as “a
generalized perception or assumption that the actions of an entity are desirable, proper, or appropriate
within some socially constructed system of norms, values, beliefs, and definitions” ([42], p. 574).
Working to not only conform to but also mold those broad social perceptions is therefore
crucial, as actors can then enjoy a so-called social license to operate or to pursue one’s
(private) agendas under public approval [43].

 

Figure 1. The range of power relations in governance.
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3. Brazil: From Ethanol to the Bioeconomy

The bioeconomy has become a new framing concept rapidly gaining momentum
in Brazil. Public and private actors linked to agribusiness, in particular, have warmly
embraced it. Although the country lacks a unified bioeconomy strategy (as the EU and
various European countries for example have), Brazilian scientists, government agencies
and the business sector—notably well-established agroindustries such as the sugarcane
one—have readily adopted the new umbrella term [9,17,44]. In a sense, the bioeconomy
has been Brazil’s prime way of engaging with ecological modernization, i.e., economic and
technological modernization that seeks to address perceived environmental issues [28,45].

The bioeconomy is not an unambiguous concept—it is a field where multiple views
compete, not the least over its definition [26]—and in Brazil it has been utilized quite
liberally. On the one hand, some Brazilian scientists and government actors have utilized
the term to refer mainly to novel bio-based value-chains, especially those designed to
deliver goods or services that can replace fossil-based products [9,44]. A slight variation
of that view focuses on biodiversity valorization, “biorefining” and value chain creation
more generally (irrespective of whether new goods replace fossil-based products or not),
particularly for the Amazon region [10,32]. On the other hand, however, some government
and agribusiness actors refer to the bioeconomy in its broadest possible sense, to include
not only well-established biofuel industries but all agricultural production [46,47]. Such
an all-encompassing understanding is perhaps indicative of the appeal this new term
has had among Brazilian agribusiness and shows its eagerness to frame itself under the
bioeconomy umbrella.

In this article, the bioeconomy is regarded as all bio-based economic sectors beyond
food and other conventional agricultural production (e.g., fibers, tobacco). This scope
avoids overstretching the concept, while at the same time not limiting it to only the
newest markets embraced after the term came in vogue. For bioenergy is a key—and still
dominant—bioeconomy sector avant la lettre. As the following sections will show, it is
primarily for bioenergy that crops traditionally regarded as food crops have been diverted,
although their multiple uses have been expanding rapidly.

3.1. Bio-Based Add-Ons Have Sustained and Boosted Established Agribusiness

Brazil is the world’s second-largest biofuel producer after the US and an active pro-
moter of the bioeconomy worldwide. A long large-scale commercial experience with
biofuels—with ethanol blending mandates being first introduced in the 1930s—and efficient
agroindustries highly linked to the government have made Brazil the only country where
more than 10% of the energy used in the transport sector comes from renewables [48]. Such
an agro-efficiency, however, often obfuscates the power workings behind biofuel promotion
in Brazil. Although the country boasts significant biodiversity, two Asian crops—sugarcane
and soy—currently account for the bulk of the Brazilian bioeconomy. Most of the remainder,
in turn, originates from animal fats that are by-products of large meatpacking industries. As
such, there may be essential differences between the currently portrayed image and discourse
of an Amazonia-friendly biodiverse bioeconomy and what a reality check can show.

Being the most established bio-based sector (aside from food and other traditional
crop uses), biofuels dominate the bioeconomy in Brazil—as elsewhere. Sugarcane-based
ethanol, used as a gasoline additive or replacement, represents 85% of the country’s biofuel
output [49]. Corn, which in Brazil is normally intercropped with soy, has nevertheless
started also being used for ethanol production to “offload” fast-growing supplies and
prevent a market glut that could depress corn prices [50]. Biodiesel, which replaces fossil
diesel, in turn is chiefly produced from soybean oil (61%) or beef tallow (10.3%), followed
by pork and chicken fat originating mostly from large meatpacking companies that in
turn use soymeal for animal feed ([49], p. 14). One can see, therefore, how bioeconomy
production to date—represented at commercial scale essentially by bioenergy—builds
neatly on pre-existing agroindustrial conglomerates. In total, biofuel production claims as
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much as 37% of Brazil’s vegetable oil supply and, on average, 65% of all its sugarcane, to
then meet 23% of the country’s transport energy needs ([51], p. 82).

Given that sugarcane is increasingly used also for electricity cogeneration, by pro-
cessing the crushed remains (bagasse) after the sugar juice has been extracted, one can see
that—despite its name—the crop has become far more an energy crop than a sugar crop in
Brazil. Grown mostly in large-scale estates, some of them inherited and expanded from
past centuries after the Portuguese introduced the crop to the country in 1530, the sector
has deftly found new uses and downstream markets for it. The sugarcane agroindustry
has navigated socio-technical changes—and, as we shall see, often actively promoting such
changes—without significantly losing its power position but rather gaining further eco-
nomic prominence in Brazil. In line with technological upgrading, however, it has mostly
done away with manual laborers. While strenuous or even forced labor remained com-
monplace in the Brazilian sugarcane sector until at least the 2000s [52], now mechanized
harvesting predominates.

Soy, in contrast, is a much newer “boom crop”—that is, a rapidly expanding cash crop
embraced mostly for international markets ([53], p. 451)—that has made inroads across
South America since the mid-20th century. If global soy production grew ten-fold between
1960 and 2016, today more than half of it originates from that continent [54]. Some speak
of a process of increasing “soyzation”, whereby soy has been replacing other land uses
and gaining ever more economic relevance at the expense of other sectors in producing
countries (notably Argentina, Brazil and Paraguay) [55]. In Brazil, the area dedicated to
soy cultivation has been skyrocketing, having more than tripled—from 11 million hectares
to over 36 million hectares—only between 1990 and 2020, largely at the expense of native
ecosystems and smallholder farming [20,56]. Its biggest market is animal feed industries,
primarily in China and Europe (which respectively import 68% and 13% of all Brazilian
soy) [57]. Yet the bioeconomy, too, has offered a supplementary pull for the soy sector
through ever-higher biodiesel blending mandates (see Section 4).

Table 1 shows how much of the supplies of some key agricultural commodities are
destined to make biofuels in Brazil compared to their global averages. It indicates how some
agroindustries have become deeply vested in bioeconomy promotion. Besides increasing
market demand for products whose prices sometimes become undesirably low for the
industry, the bioeconomy widens the range of possible downstream markets. That, in
turn, grants producers the flexibility to choose what is most profitable and, sometimes,
the possibility to switch back and forth according to price signals—as sugarcane mills
routinely do between sugar and ethanol [6,58]. Some suggest such sectors have gone
beyond single value chains to develop “value webs”, where single crops lead to multiple
interrelated strings (e.g., sugarcane-based electricity from bagasse being used to power
ethanol production) [59].

Table 1. Agricultural commodity utilization for the Brazilian and global bioeconomies.

Agricultural Commodity Supplies Brazil Global Average (2016–2018)

Vegetable oil 37% 12.5%

Sugar 65% 21%

Coarse grains (corn and other cereals
excluding wheat and rice) 4.5% * 13.4%

Data source: [49,60]. * This estimate refers exclusively to corn supplies, increasingly used as a secondary ethanol
feedstock in Brazil [61].

Overall, biomass sources (including liquid biofuels and sugarcane electricity cogener-
ation) have met as much as 19% of Brazil’s total energy consumption ([49], p. 27). Notably,
bioenergy’s growing relevance also represents an expanding share of private suppliers in a
setting previously dominated by state-controlled energy companies. Energy supplying,
therefore, is becoming increasingly privatized, even if to a degree those market shares are
also being taken from transnational oil companies operating in Brazil. At any rate, given
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the significant consolidation of the sugarcane, soy or meatpacking sectors in the country,
it can be said that its energy transition takes place essentially between giants—from the
usual energy giants to agribusiness ones.

3.2. Opening Moves of the New Bioeconomy: In Whose Benefit?

As the bioeconomy broadens, there is growing momentum for expanding the realm
of applications and products from the dominant agribusiness crops. Sugarcane has been
increasingly used to produce renewable (though so far usually not biodegradable) polymers
for so-called “green plastics.” There are also prospects for using the crop to make solvents,
lubricants, enzymes, cosmetics, and pharmaceutical products. The idea is not only to
replace industrial inputs currently made from oil but generally to create novel and high
value-added goods [59]. As it has come to be described, that is the idea of applying a
“biorefinery” concept to agricultural crops, that is, extracting multiple components that can
supply several markets [6].

Meanwhile, there is a growing appetite for widening Brazil’s bioeconomy resource
base to include, notably, Amazonian biodiversity as a basis for (bio)technological devel-
opment and value chain creation [32]. A new landmark Biodiversity Law (13.123/2015)
has paved the way for increased use of native flora and fauna by industry sectors (e.g., cos-
metics, pharmaceuticals) while creating hurdles for public research institutions and less
resourceful local actors. High entry costs in complex bureaucracy with technical and legal
requirements have disproportionately impacted local actors such as indigenous communi-
ties or smallholder farmer associations vis-a-vis well-resourced corporate ones [62]. The
number of private companies authorized to commercially utilize native Brazilian biodi-
versity under the new framework quintupled from 42 before the 2015 law to over 200
by 2018, as most stakeholders agree industry actors have been the new law’s primary
beneficiaries [63]. This growing dynamic, of course, raises fears that the bioeconomy may
simply promote further corporate-led commodification of nature and accumulation by
dispossession in the Amazon [64].

An additional piece of legislation has been a new framework in place since 2021 on
payments for environmental services (Law 14.119/2021). Problematically, it requires only
a self-made declaration into the online Rural Environmental Registry (Cadastro Ambiental
Rural—CAR) as sufficient demonstration that one is supposedly entitled to the land and,
therefore, to sell its environmental services (e.g., carbon credits). Although the CAR system
has been designed for land-use change monitoring, in practice private landholders’ entries
have often dubbed as proofs of land tenure [65]. These entries have already been used for
obtaining bank credit and, thus, the system has been conducive to pasture expansion at the
expense of forests [66]. Overlapping claims have also been commonplace, with individual
farmers and companies often utilizing CAR declarations to “grab” lands by registering
as theirs plots that are under customary community use or even within protected areas
and indigenous territories [20,65,67]. Such conflicts have been particularly salient in the
Amazon, where traditional communities abound, tenure security is fragile, and land
grabbing is rampant [68]. Environmental authorities are supposed to analyze and filter out
undue claims, but deadlines for doing so have been continually extended over the years. In
practice, as with regular amnesty to land grabbers (grileiros), Brazilian governments have
continually shown leniency toward undue claimants and their utilization of CAR entries
as suggestive of land rights in the meanwhile [65].

Despite a narrative of inclusive and sustainable development, Brazil’s bioeconomy—
old and new—seems therefore fit for dominant agribusiness actors. While indigenous
people and other traditional communities have been recognized as the best in conserving
forests in Latin America [69], it is unclear how they may gain or at least not experience fur-
ther encroaching and dispossession. The following section analyzes how power workings
of various kinds have shaped the Brazilian bioeconomy this way.
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4. The Brazilian Bioeconomy and Its Powers That Be

4.1. Instrumental Forms of Power

Corporate agribusiness’s instrumental power has manifested itself in at least three ways
to shape Brazil’s bioeconomy to date—both its policy agenda and concrete practices. First,
agribusiness has abundantly used its vast material capabilities (e.g., financial resources, con-
trol over relevant technology) to expand its activities. That includes widening their market
portfolio by pursuing technical innovations that suit their interests (i.e., novel goods produced
from the crops they control). Power is also manifested—and increases—through sheer area
expansion. Investments in soy’s highly consolidated sector tripled its cropland area in Brazil
between 1990 and 2020. That means that more of the country’s land (and, at times, water)
resources fall under an agribusiness that has no place for smallholders due to economies
of scale requirements and where a handful of traders control the bulk of the market [20].
Corn, intercropped with soy, has accompanied that expansion and quickly become a size-
able ethanol feedstock [70]. Corporate agribusiness therefore utilizes its already-existing
economic prowess, using multiple forms of “power to” (e.g., financial resources, control
over land, technology) to get things done at scale and rapidly be the bioeconomy.

If, on the one hand, agribusiness actors disproportionately have the instrumental
power to get things done on a practical level due to their economic prowess, on the other
they have been stimulated by the bioeconomy, in a positive feedback loop [28,71]. Continual
expansion means the economic power base of corporate agribusiness grows. That, in turn,
allows for increasing say and leverage over agri-food and (other) biomass-based systems.
For instance, while Brazil’s sugarcane area has not expanded as much as soy’s, it still
doubled in the late 2000s during the country’s latest ethanol boom [28]. The sector also
continuously succeeds in conquering new markets (e.g., electricity) and developing new
applications (e.g., cane-based “green plastics”) [17,59]. In short, agribusiness uses its
amassed power to create self-serving technological and innovation pathways, repeating in
the bioeconomy what it does in the broader agri-food realm [16].

Second, besides using its material capabilities directly to expand its economic activities,
agribusiness as an interest group has long had Brazil’s most powerful parliamentary
representation, too, and counts on notoriously successful lobbying [12,72]. Helping large
agroindustries such as the sugarcane one has always been a key reason for the Brazilian
government’s creation of captive biofuel markets through blending mandates [28]. Such
a form of political lobbying is a typical example of instrumental power use in agri-food
governance [11], and its results yet another noxious effect of corporate dominance [16].

It is important to observe, however, that not all political lobbying relevant to shaping
the bioeconomy relates specifically to it. Plenty of lobbying molds Brazil’s broader agribusi-
ness practices and, thus, shapes its bioeconomy production base indirectly. That includes,
among others, land use policies that disproportionately benefit corporate agriculture [72,73]
and lax rules on pesticide utilization suited for industrial monocultures [74]. Crucially,
it also includes efforts to hinder collective land rights recognition, such as in indigenous
territories that could block agribusiness expansion—as in the case of the sugarcane industry
and the Guarani-Kaiowá people in Mato Grosso do Sul State [21].

The third prevalent form of instrumental power shaping Brazil’s bioeconomy is corpo-
rate agribusiness’s capacity to coercively displace competition that could eventually pursue
alternative development pathways. Agribusiness’s direct power over other actors is not lim-
ited to their sway over politicians or policymakers, it also affects the Judiciary. Even if often
unconstitutionally, law enforcement is regularly used to evict communities from disputed
lands and to combat rural social movements that mobilize local resistance [75]. Between
2019 and 2020, a federal investigation arrested numerous judges that had colluded with
large-scale farmers to favorably address land conflicts in the agricultural frontier region of
Matopiba—an area of aggressive expansion of soy, Brazil’s main biodiesel feedstock [76].

Besides manipulating the state apparatus to serve their interests, large agribusiness
sometimes relies also on extra-legal—when not illegal or outright criminal—forms of
coercion. That includes the forceful appropriation of land and water resources (land and
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water “grabbing”) as well as intimidation and violence against local communities, rural
social movements, or traditional populations in frontier regions [20]. Even if they are not
always acknowledged as a form of power in governance, such direct actions in the end are
critical for how agri-food systems—and the bioeconomy—become shaped.

While far from being an exhaustive list, Table 2 presents some key bioeconomy
policies that have provided large agroindustry sectors with tax cuts, subsidized credit,
public funding for R&D, biofuel blending mandates, as well as laws that facilitate business-
controlled commodification of nature. As we shall see, those policies have sometimes
responded to global trends (e.g., oil price hikes in the 1970s and 2000s, besides changing
dynamics in international sugar markets in ethanol’s case). Yet, how Brazil responded to
such challenges—and who benefits from the chosen responses—are, in part, what indicates
who holds power and how that power is manifested.

Table 2. A summary of Brazilian policies for bioeconomy promotion.

Year Policy Description

1931 E5 on imported gasoline Mandatory blending of 5% of sugarcane-ethanol in all
imported gasoline

1938 E5 all-across E5 blending mandate extended to all gasoline, imported or not

1971 National Program of Sugarcane Improvement
(Planalsucar) Public R&D funding for sugarcane yield improvements

1975 Pro-Alcohol ethanol program (with E22) Public funding for ethanol distilleries; mandatory 22% blending of
ethanol in all gasoline

1979 Pro-Alcohol (Phase II) Fiscal incentives for the automobile industry to produce cars
running on 100% ethanol (E100)

2003 Flex-fuel cars Fiscal incentives for the production and purchasing of cars able to
run on any mixture of ethanol and gasoline

2004 National Program on Biodiesel Production and
Use (PNPB)

Phase-in of mandatory biodiesel blending (B5 by 2013). Social Fuel
Seal created as a certificate of smallholder inclusion, incentivized
through preferential procurement and additional fiscal benefits.

2006 National Agroenergy Plan Framework announcing public biofuel R&D and broad policy goals

2009 Sugarcane zoning policy introduced Restriction of public credit eligibility to sugarcane cultivation
outside ecologically sensitive biomes (e.g., the Amazon)

2009 Social Fuel Seal requirements hardened
Farming contracts between smallholder suppliers and biodiesel

companies require approval by some rural worker union or
collective organization

2014 New biodiesel blending mandates Phase-in timeline for higher blends (B10 by 2018)

2015 Biodiversity Law (13.123/2015) Legal framework for R&D and economic use of Brazilian
biodiversity and its genetic resources

2017 National Biofuels Policy
(RenovaBio)

Creation of a “decarbonization credits” market linked to carbon
intensity reduction targets in Brazil

2018 New biodiesel blending mandates Phase-in timeline for higher blends (B15 by 2023)

2019 Sugarcane zoning policy abolished End of the area-based credit restrictions for sugarcane

2019 Social Fuel Seal requirements softened Larger cooperatives become eligible as suppliers; end of the
approval requirement by a rural worker union

2021 Payments for Environmental Services Law
(14.119/2021)

Legal framework allowing payments for environmental services
even in untitled lands, based on self-declaratory entries on the

CAR registry

Sources: [28,77–79].
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4.2. Structural Power

Structural power arguably emerges as an extension of what agribusiness can do
through instrumental power. It then acquires an additional, analytically distinct facet.
For instance, agrochemical companies that put together “technology packages” involving
genetically modified seeds, fertilizers and pesticides keep great control over how crops
such as soy and corn are produced [5]. Their initial instrumental power in creating those
innovations then becomes also structural power in those sectors.

In Brazil’s bioeconomy governance, agribusiness’s structural power manifests itself in
at least two complementary ways: (a) control over public institutions, building on path
dependencies; and (b) agenda setting of overall agricultural development and specifically
on bioeconomy pathways. Such an agenda-setting power grants corporate agribusiness
the ability to exclude unwanted issues from sustainability debates, effectively preventing
them from being addressed or even acknowledged in certain governance venues.

4.2.1. Agribusiness’s Hold of Public Institutions

The policies displayed in Table 2 reveal how the Brazilian state has actively promoted
biofuels (as the most developed bio-based sector) over three broad periods: the 1930s
and the 1970s, before a resurgence in the 2000s’ under a sustainability rationale. While
part of the logic from the beginning was to reduce Brazil’s oil import dependence and
expenditures, those policies have also been mechanisms to support large agribusiness with
public funding, credit, R&D investments, and new markets.

While rhetorically the emphasis is usually placed on the (globally benign) fossil-fuel
replacement aspect of these policies, the adoption of sugarcane-ethanol, for one, has been
equally—if not more—about supporting the sugarcane agroindustry in the face of low
sugar prices and other market challenges [28,77,78]. The sugarcane sector had landed elites
that for centuries enjoyed economies of scale and a privileged political position in the
country. Such economies of scale and path dependency were associated with a measure of
control over public institutions that has long made sugarcane Brazil’s “favorite” feedstock,
to the detriment of smallholders growing other crops [80]. Those public institutions then
were transformed accordingly to create new incentives and structures that reinforced
large agribusiness’s hold over the country’s ethanol sector and nascent bioeconomy. Once
sustainability concerns came to the fore in the 2000s, a large sugarcane-ethanol sector
was already prominent and could boast at least thirty years of commercial production
experience. Similarly, once a biodiesel policy was introduced in 2004, the established
soy sector managed to claim nearly all of the newly-created captive market despite the
government’s alleged smallholder inclusion goals.

Large agribusiness would become further empowered and, in time, support Brazil’s
growing shift to the right of the political spectrum [81,82]. In 2016, after President Rouss-
eff’s controversial impeachment, a new government promptly abolished the smallholder-
oriented Ministry of Agrarian Development and, thereby, substantially cut funding and
support for small-scale agriculture [83]. Corporate agribusiness would essentially crowd
out those weaker players from Brazil’s bioeconomy agenda. Since 2019, rule changes
have allowed commercial soy-grower cooperatives to qualify as “family farmers” and thus
benefit from the Social Fuel Seal policy originally conceived for smallholder inclusion and
rural poverty alleviation [28]. In line with this and growing agribusiness representation in
the federal government, recent government publications then started taking corn-and-soy
endeavors from wealthy landholders as examples of biofuels originating from “family
agriculture” ([70], p. 66). If anything, as a result of power feedback loops, consolidation in
the hands of corporate agribusiness has only increased with Brazil’s bioeconomy.

4.2.2. Setting the Agenda: What to Look at and How

Agenda-setting generally has two levels: (1) the definition of what comes onto the
agenda and what is left out; and (2) questions of “attribute salience”, i.e., how issues and
actors are presented, which aspects are emphasized, and which ones are downplayed
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or obfuscated [84]. A broad literature on issue-framing points out how situations get
recognized as problems only when successfully framed as such [85,86].

By pushing certain socio-economic and environmental issues out of Brazil’s bioecon-
omy agenda, corporate agribusiness has been able to portray itself as sustainable and to
offer its preferred bioeconomy pathways as a desirable option. Even though the bioecon-
omy agenda generally has sustainable development as a defining rationale and its very
raison d’être, there are conspicuous absences. For instance, issues of agrobiodiversity loss,
unsustainable water use by large-scale agriculture, land rights violations or widespread
pesticide contamination—to name but a few—all are salient topics that nevertheless do
not usually appear in Brazil’s bioeconomy discussions [9,46,47]. For instance, the National
Industries’ Confederation flagship report on the bioeconomy extols sugarcane’s multiplicity
of products and boasts about the copious economic potentials from Brazil’s biodiversity
without ever acknowledging that monoculture expansion is a crucial driver of deforestation
and overall biodiversity loss in the country [17].

In the same vein, as Brazil becomes the world’s largest user of pesticides, it utilizes
an abundance of known carcinogenic substances forbidden in Europe and other parts of
the world. Yet, pesticides such as paraquat and other highly toxic substances have been
applied on an increasingly large scale and gain speedy adoption in Brazil due to agribusi-
ness’s sway over the approval process [74]. Environmental and human contamination
from increasing pesticide use in soy, corn and sugarcane crop fields are significant [20],
but they are not acknowledged as a sustainability issue at the heart of a bioeconomy
largely based on those monocultures. Arguably, the invisibility conferred to some of these
environmental issues may suggest a level “solution aversion” in those dominant players,
as their acknowledgement could bring the whole mainstream industrial agriculture into
question [87].

Novel bioeconomy strands, too, seem poised to benefit business disproportionately.
The 2015 biodiversity law empowering well-endowed industries instead of local com-
munities is a case in point, and a look at the ways the CAR system has been used—and
may come to be used, to draw payments for environmental services—is revealing of who
is set to win the most and who may lose. As such laws privilege private land tenure
over indigenous territory recognition or other collective land titling, the monetarization of
“environmental services”, and business-oriented rules for biodiversity use, they create a
legal framework that secures disproportionate structural power to corporate actors. These
actors indeed have eagerly benefited from further commodification of nature and control
over natural resources, as seen. Meanwhile, indigenous and other Amazonian commu-
nities not only have been mostly left out of what so far has essentially been an effort to
“mine the ecosystem” for more commodities, but they also stand to lose as these legal
frameworks linked to bioeconomy promotion facilitate accumulation by dispossession in
their environments [64,65].

Such a structural power of agribusiness in Brazil involves not only public but also
private governance instances such as the various multi-stakeholder initiatives related to
agriculture. Certification mechanisms such as the Round Table on Responsible Soy (RTRS)
or Bonsucro (formerly Better Sugarcane Initiative) essentially represent agroindustry in-
terests [88]. Even the more encompassing multi-stakeholder initiatives such as the Soy
Working Group or the Cerrado Working Group, composed of environmental NGOs and
commodity traders to govern agribusiness’s “sustainable” expansion, tend to be busy
mostly with the promotion of “best practices” and voluntary zero-deforestation commit-
ments [89]. While that is often taken to represent “sustainable agriculture”, this framing
is deceptive as a plethora of environmental issues—and, thus, industrial monocultures’
broad unsustainability—remain unchecked [90].

These various forms of structural power result in the exclusion of unwanted stake-
holders, thorny issues, and competing narratives or alternative development pathways [20].
While endorsing and boosting conventional large-scale agriculture, this mainstream bioe-
conomy keeps alternative ways of rural development—as well as the local stakeholders that
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advocate for them—out of the agriculture sustainability debates and institutional spaces
where such debates are held [89,91]. Through structural power, corporate agribusiness
strategically makes local stakeholders, their concerns, views and visions invisible, even in
the venues nominally dedicated to sustainability.

4.3. Discursive Power

As Gramsci put it, certain actors’ political preeminence relies not only on material
dominance but also on their portrayal as “intellectual and moral leadership”, from which
emerges social legitimacy and, ultimately, consent ([92], pp. 182, 269). In Brazil, two key
tactics underscore corporate agribusiness’s discursive power over diverse social actors
and the public at large: the portrayal of a corporate-controlled bioeconomy as a desirable,
environmentally friendly endeavor; and the framing of “Brazilian” agribusiness as national
champions whose successes and setbacks are tied to that of Brazil itself. As we shall see,
the playing out of these two tactical discourses works to multiple effects and, eventually,
also coalesce around a grand narrative of the bioeconomy as the way for Brazil to become a
“great power”.

Agribusiness in Brazil has a long history of associating its interests with that of the
country in the public mind. Efforts, for instance, to collate agribusiness development with
Brazilian pride, identity and self-image date as far back as the 1930s, with the promotion
of banana plantations at the times of the famed “banana republics” [93]. It is not possible
to understand Brazil’s mainstream discourse around the bioeconomy without situating
this in a longstanding effort by large agribusiness to earn public legitimacy, broad political
support, and a social license to operate. On the backdrop of bioeconomy promotion is an
overall framing of Brazil as a global protein breadbasket and, increasingly, also a supplier
of other bio-based goods and (salable) environmental services [17]. Under a globally
dominant neo-Malthusian food security narrative, the country is to fulfill a supposedly
natural vocation as a major agricultural producer and meet the food demands of a growing
world population [94,95]. In the minds of an increasingly evangelical popular base in
Brazil’s countryside, that operates as the country’s “calling” to expand production with
quasi-missionary zeal [96].

In the face of growing concerns about the “reprimarization” of Brazil’s economy in
recent years (that is, its growing economic dependence on agriculture and mining sectors in
tandem with significant deindustrialization [97]), agribusiness has also been deft to portray
itself as technologically advanced. In a broadly popular ongoing marketing campaign since
2019, the agricultural sector has portrayed itself as an “industry” to be regarded as the
“wealth of the nation;” with prime-time commercial ads showing large-scale production,
corporate agribusiness adopts a more informal shorthand—“agro”—and markets itself
as being “tech”, “pop”, and “everything” (o agro é tech, o agro é pop, o agro é tudo) [98]. As
such, a highly exclusive business group with considerable multinational capital poses as a
national champion that should be the pride of Brazilians [99].

Environmental or human rights critiques hence become framed as outsiders’ jealous
attempts to undermine Brazil’s development. Domestic NGOs who join that chorus are
tarnished as a “fifth column” working for foreign interests. In Brazilian media coverage
of international critiques against deforestation in Brazil—such as in the context of the
EU-Mercosur trade agreement, which would see an increase in the exports of agricul-
tural commodities from Brazil—it is routine for considerations to be made implying that,
in truth, those are protectionist concerns and excuses due to fear of competition with
the powerful Brazilian agriculture. While there may well be some truth to that, such a
reasoning is tactically used to dismiss environmental critiques entirely [100]. Only “con-
structive” NGOs—which do not question the premises of Brazil’s agribusiness expansion
or bring thorny issues to the fore—are recognized as legitimate interlocutors and eventually
welcomed in agri-food sustainability debates [89].

The bioeconomy strategically enters this setting as a way to boost both the “green”
and the “high-tech” images corporate agribusiness wishes to confer to itself. As elsewhere
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in Latin America, the sector puts forth an “economic imaginary” grounded on crop-based
technological developments and value-added from agriculture [101]. The bioeconomy, in
Brazil’s case, provides it with particularly “green” hues due to a growing emphasis on
the economic potentials of Amazonian biodiversity. It is seen as offering nearly endless
potential for value-chain creation with genetic improvements on “wild” foods and the
commercialization of novel products through biotechnology (e.g., enzymes, pharmaceutical
components, cosmetics) [17]. As elsewhere, technological progress is conflated with overall
societal improvements, and a future is envisioned where scientific innovation supersedes
all social problems and conflicts [102]. Noticeably, the bioeconomy here has little to do with
replacing fossil-based products and more with sheer bio-based economic development.
Some Brazilian scientists have, for instance, put forth an ambitious “Amazonia 4.0” agenda
to promote economic and technological upgrading in the region, using its vast biodiversity
to engender a socio-economic transformation [32]. The Bolsonaro administration’s Ministry
of Agriculture has endorsed the initiative and often pays lip service to such a bio-based
economic development [103], but espousing deforestation activities all the while [104].

As Brazil has been on international headlines due to its soaring deforestation rates that
tarnish agribusiness reputation and threaten to close export markets (notably in Europe),
the bioeconomy also becomes part of an effort to “green” its image. Part of the sector’s hope
is that the bioeconomy may help Brazil join the Organisation for Economic Co-operation
and Development (OECD) and dispel European hesitations regarding the EU-Mercosur
free-trade agreement [105]. Finally, this effort blends with nationalistic grandeur to harness
further public support for agribusiness and agro-technology also within Brazil. Drawing
from an article in The Economist (possibly for increased legitimacy, as if it were merely
reiterating what others abroad are saying), the National Industries Confederation has
proposed that “with bioeconomy development, there is a unique opportunity for Brazil to become
one of the world’s great powers.” ([17], p. 77) (see also [106]).

Once again, the tactic is to stir a sense of national pride where Brazil’s fate is governed
by the wishes and whims of corporate agribusiness. As some authors put it, “such promises
and the expectations they generate are performative: they act to build consensus around a techno-
logical project; mobilize investment; enroll scientific, social, and economic actors; and construct
a case for facilitative and supportive legislation” ([102], p. 13). In Brazil’s case, however, the
bioeconomy’s utopia of “overcoming environmental, social, and economic challenges through
biotechnological progress alone” ([102], p. 12) includes also geopolitical achievements.

5. Discussion: Sustainable Development or Conservative Ecological Modernization?

Some authors have long noted that the bioeconomy, of which biofuels remain the
leading sector to date, consists mainly of politically instituted markets. In other words,
they are not markets that spontaneously arise out of consumer demand, but instead
are created from “above” via directives, blending mandates, and other public policy
determinations [107]. To a large extent, public policies have not only created such markets
but also shaped them [28]. Some critics have, therefore, flagged the bioeconomy as “a
political project” to reassert the interests of capital [102]. Other times, its expansion is
rationalized as countries pursuing their national interests in an unregulated international
space and sometimes with consequences beyond borders [108]. States have, indeed, been
active—and some would say crucial—bioeconomy promoters worldwide [28,107]. Still, it
is worth remembering that the state is neither an isolated entity nor a monolith; rather, the
state usually expresses the will of competing interest groups and advocacy coalitions; it is
an arena where some policy preferences become structured [109]. Therefore, understanding
the inner workings of how bioeconomy politics takes place is of paramount importance.

Brazil’s case shows a very supply-driven bioeconomy. Corporate agribusiness, amass-
ing increasing land for a few “flex-crop” commodities (frequently at the cost of deforestation
or smallholder displacement), mobilizes to develop more uses for them and thereby en-
joy a wider variety of markets, greater demand, and better prices. The bioeconomy has
therefore allowed such agribusiness actors to sustain and reinforce dominant positions,
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becoming all the more resilient in the face of international price volatility. The sugarcane
sector, for one, has achieved that by transitioning seamlessly from a primary producer of
sugar to becoming mostly dedicated to agroenergy—while retaining and expanding on
the significant economic and political weight it historically inherited. The intercropped
soy-corn duo, too, even if to a lesser extent, has also found in the bioeconomy new markets
that help those producers modulate commodity prices.

Growing economic prowess, in turn, translates into political and social influence,
shaping government agendas and the public discourse. Brazil’s biodiversity may be
broadly used as window-dressing for the bioeconomy, but in practice largeholder crops
dominate the sector. The regard for biodiversity conservation or social inclusion remains
entirely aspirational, if not deceptive. Table 3 summarizes the power uses through which
such a corporate agribusiness dominance has been accomplished.

Table 3. Uses of power in Brazil’s bioeconomy.

Power Typologies: Ends
and Means

Instrumental Structural Discursive

Innovative

Technical innovations
(e.g., biofuels, feedstock

processing pathways, additional
bio-products)

Institutional innovations for
agenda-setting or privileged access to

new markets or governance (e.g.,
private certification and governance
instances, a credits market under the

RenovaBio program.)

Innovative ideas and new framings
(e.g., the “bioeconomy” label itself as a
new framing for the well-established

bioenergy industry)

Transformative

Political lobbying to secure new
public policy incentives such as

funding or tax cuts to
agribusiness.

Changing agendas, excluding
unwanted issues from the fore (e.g.,

abolition of sugarcane zoning,
modification of rules that hitherto

restricted large agribusiness, such as
the Social Fuel Seal’s flexibilization,

virtually emptying it of its
poverty-reduction rationale.)

The effort to transform the agri-food
sustainability debate into a question
only of efficiency and renewability,
purposefully leaving out various

social and environmental issues (e.g.,
land rights, water access,

agrobiodiversity loss) from the public
mind or the debate.

Reinforcive

Expansion of material capabilities
(e.g., crop area, financial and

technological resources)
reinforcing Brazil’s economic

dependence on—and, thus, the
political leverage of—corporate

agribusiness in the country.

Creation of path dependencies around
conventional, input-intensive and
corporate-controlled monocultures

(e.g., sugar economies giving rise to a
dominant sugarcane-ethanol industry

and, increasingly, entire
sugarcane-based value webs as

opposed to value webs from
other crops.)

Legitimacy strengthening; the
bioeconomy as a benign umbrella (a)
portraying Brazilian agribusiness as a

technologically advanced national
champion, responding to growing

concerns about “reprimarization” of
the country’s economy while (b)

giving it “green” hues and shielding it
from environmentalist critiques

In a neo-Gramscian sense, corporate agribusiness thus enjoys substantive hegemony
in Brazil, achieved “through the coercive and bureaucratic authority of the state, dominance in
the economic realm, and the consensual legitimacy of civil society” ([40], p. 806). The Brazilian
bioeconomy clearly has no level playing field. Corporate agribusiness captures most if not
all such new markets due to skewed material capabilities and power configurations. Often,
indeed, entire bioeconomy segments (e.g., corn-based and sugarcane-based ethanol) serve
primarily for the repurposing of supplies in captive markets. If others have noted that
many of the emerging renewable energy regimes across the Americas have reproduced
pre-existing inequalities [110], this analysis now exposes the details of their power work-
ings and suggests that inequalities, as a consequence, are not just reproduced but have
been widened.

A counter-hegemonic movement exists: various civil society organizations and rural
social movements have coalesced around the banners of agroecology and food sovereignty
to call for sustainable agri-food systems and, at times, an inclusive bioeconomy [28,91]. For
instance, the concept of alimergia—a merger of the words “food” (alimento) and “energy”
(energia) in Portuguese or Spanish—has been espoused by some of those critics of corporate
agribusiness and advocates of locally-controlled farming [111]. Yet, if anything, these
movements have become weaker since Brazilian politics shifted to the right and then to
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the far-right in the late 2010s [28]. It remains to be seen whether competing discourses and
institutional agendas for the bioeconomy can eventually gain momentum.

Such an agribusiness-dominated bioeconomy represents, no doubt, a missed opportu-
nity for sustainable development. There is little betterment to people’s lives, a basic tenet of
development [20,112], or social inclusiveness and poverty alleviation to speak of. Instead,
the expansion of large-scale cash-cropping systems such as soy has been considered a driver
of maldevelopment in Brazil, with numerous negative social impacts and resource dispos-
session for local populations [20]. As to sustainability, there is little of it in conventional
input-intensive monocultures [113,114]. Even its “Brazilian” nationality is a misleading
discursive tactic, as multinational corporations dominate the bulk of agribusiness in the
country [99].

There is little development as such, entailing the overcoming of poverty and depri-
vation, but mostly technical and institutional innovations by and for those who already
have power. This dynamic, in turn, reinforces their dominant positions in Brazil’s over-
all agri-food governance. Innovative ideas such as Amazonia 4.0 are emptied of their
hopes for “disruptive” or “transformative” change [32] and instead tamed into purely
techno-economic upgrading and increased market opportunities for dominant actors. Such
a pattern can be considered a case of conservative modernization, whereby political and
social dominance structures largely remain in place or are even reinforced despite some
economic and technological change [115,116]. As the bioeconomy is to a degree also a form
of ecological modernization, which tries to reflect upon (some) environmental impacts and
address them [117], what happens in Brazil can therefore be termed a form of conservative
ecological modernization [28]. Not only are inequality matters tactically avoided, but
environmental issues, too, are selectively addressed. Attention is limited to only relatively
innocuous ones which do not require significant changes in the corporate agri-food system
or threaten the dominant position of regime incumbents. Rather, these incumbents design
the bioeconomy to precisely reinforce their positions of dominance. Without targeted
incentives or redress measures that consider such pre-existing inequalities and skewed
power relations in agri-food systems, the bioeconomy is therefore likely to expand on
inequalities, entrench marginalization, and deepen exclusion.

6. Conclusions

This article has addressed the question of which stakeholders control the transition
to circular bioeconomies—and how they do so. While the literature acknowledges that
such social and political dimensions are important for understanding and steering these
developments towards sustainability [2,6], this is among the first in-depth empirical studies
on bioeconomy politics. The analysis shows that such questions are important not only
in and of themselves but also because they bear consequences for the environmental and
economic benefits of the transition.

Brazil’s case shows that, while the bioeconomy has become an attractive umbrella term
for environmentally-minded technical and institutional innovations, these have dispropor-
tionately benefited corporate agribusiness. Such already-dominant actors have resorted
to instrumental, structural, and discursive power in multiple forms to shape bioecon-
omy policies and markets favorably. Under the guise of the public (environmental) good,
they have transformed institutions and, ultimately, reinforced their dominant positions.
That is problematic because, although closed-loop circular economies and bioeconomy
value-addition are environmentally beneficial [3], socially inequitable production systems
disempower vulnerable actors and concentrate economic benefits in a few hands, thus
augmenting inequality. Moreover, such a corporate agribusiness dominance shapes techno-
logical and innovation pathways, limits potential developments to well-established sectors
(e.g., sugarcane, soy), and expands on the environmental impacts these very systems create
(e.g., freshwater depletion, deforestation). Such social equity considerations, therefore, are
of paramount importance.
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In Brazil, rather than sustainable development, the mainstream political project for its
bioeconomy can be seen as a case of conservative ecological modernization. It promotes
environmentally-minded technical and economic upgrading, but preserving social inequal-
ities and reinforcing skewed power structures. Alas, being based primarily on industrial
monocultures that coincidentally are also key drivers of water depletion, environmental
pollution and land-use change, the bioeconomy further incentivizes these industries, their
crops and production arrangements. It may, therefore, aggravate sustainability issues
while precisely helping shield those agroindustries from environmental critiques. Por-
traying corporate agribusiness as national champions whose thriving would be equated
to that of Brazil—in a bio-based, contemporary version of what General Motors once
famously claimed to do for the United States—these actors also successfully earn further
societal legitimacy, even while leading environmental destruction and social exclusion in
the country.

Given that agri-food system consolidation has been a global trend, such an agribusi-
ness dominance over emerging bioeconomies raises warning signs also to other countries,
for in other similar contexts those powerful players may be similarly advantageously
positioned to reap most benefits and set the bioeconomy agenda. It is important to reflect
on who stands to benefit (and to lose) from the promotion of other circular economies,
too. Further research is needed to understand such politics and how to make circular and
bioeconomy promotion more equitable and sustainable.

The bioeconomy may well be an inevitable transition if fossil resources are to be
phased away. Its potentials for inclusive and sustainable development remain in place, but
these are not achievements to be taken for granted as a natural consequence of furthering
bio-based sectors. It appears that redress efforts to correct for existing imbalances are
needed if such new developments are not to fuel existing unsustainable systems under the
guise of “green” progress. How to avoid such an elite capture through skillful bioeconomy
governance, and how to effectively deliver on its social and environmental potentials,
remain perhaps the most critical research and policy questions yet to be addressed.
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Abstract: Wood chips and logging residues currently comprise the largest share of biomass fuels
used for heat generation in district heating plants and are provided by a variety of suppliers. Ash and
moisture contents, as well as the calorific value, may vary considerably depending on the composition
of the fuel, seasonality, location, and other factors. This paper provides the summarized results of the
main characteristics of wood chip moisture and ash content and calorific value, experimentally tested
for a significant range of samples. Chip samples were collected from two district heating companies
and tested for a significant range of samples. Chip samples were collected from two district heating
companies and tested for a 3-year period. The data on fuel chip prices were taken from the electronic
wood chip trading platform. The tests were performed using standard express methods, where two
sub-samples were taken and analyzed from every chip sample. It was determined that the moisture
content of the wood chips varied from 35% to 45%, the calorific value from 18.4 to 19.6 MJ/kg, and
the ash content from 0.5% to 4.5%. The calculated relative expanded uncertainty of the moisture
content measurement was ±2.1%, of calorific value—±1.5%, and of ash—±1.0%. The repeatability
of the results was estimated as the pooled standard deviation.

Keywords: solid biomass fuel; wood chips; moisture content; calorific value; ash content; pooled
standard deviation

1. Introduction

Currently, the largest share of solid biomass used for heat generation in power plants
consists of forest cutting and wood processing residues, which are usually prepared and
supplied in the form of wood chips. Such fuel is a heterogeneous formation and may
contain not only wood chips but also many different impurities, such as leaves, needles,
soil clods, or other mineral substances.

Fuel moisture can also vary widely from 5 to 55% and affect other properties, such
as calorific value. Accurate information on fuel properties is important in setting prices,
assessing the amount of energy planned to be produced, and selecting the correct prop-
erties of fuel for efficient combustion. Fuel suppliers and energy producers often need
information on how and within what limits the main parameters of the chips change:
humidity, calorific value, and ash content depending on the composition of the chips, the
seasonality of preparation, and the geographical location. This is necessary in order to
make the proper decisions regarding the purchase, storage, and efficient combustion of
fuel. Other important wood chip parameters, such as fraction size, the fraction of fines,
and Cl and S quantities are often examined together to assess the suitability of the wood
chips for the combustion installations.

Measurement and evaluation methods for wood chip fuel and analyses of main
characteristics, such as moisture content, calorific value, and others, were surveyed in [1].
Accurate parameter setting requires complete methodological guidelines and standards.
In addition, it should be noted that a very important factor influencing the accuracy of
parameter setting is the number of samples. Such studies have been performed [1]. Here, it
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is shown how the error of moisture determination varies from the number of samples. It is
also shown how the calorific value and chemical composition depend on the type of wood
and its individual parts.

In general, initial studies on biomass for energy production have shown that it is a
competitive fuel vs. fossil fuels and has a dry matter calorific value of around 17–21 MJ/kg
for the wood [2]. Therefore, studies on the fuel, produced from solid biomass, and their
characteristics have been carried out, and procedures for their determination have been
improved, including research methods and the use of equipment [3,4], which were used
for the development of respective standards for fuel classification and determination of
its characteristics.

The main characteristics of fast vegetation agro-waste have also been investigated as
potential fuels, but wood waste products (pellets, briquettes) were defined as qualitatively
better in terms of moisture, ash content, and chemical composition [5].

As wood chips became the most important commercial product for energy generation,
their quality became an object of increased focus. All stages of such fuel production from
tree felling, storage, and preparation for efficient combustion are important.

It is considered that the felling and wood chip production season is important for
fuel quality, as, during the season between February and May, the carbon content, calorific
value, total moisture content, and density of wet wood chips decrease and ash content
increases due to covering the woodpiles, thus, preventing air circulation [6], and fuel
parameters deteriorate in dry or deadwood [7]. To prepare chips for combustion, the
cutting residues must be piled up and chipped on the roadsides. The typical ash content
of such chips is between 3% and 4%. To obtain the optimal moisture content (about 30%)
and, thus, increase the calorific value of the fuel, these residues must be stored for about
5–7 months in the forest site before chipping, and the lowest moisture content is achieved
in September. Thus, in terms of the best characteristics of wood chips: optimal cutting is at
the clear-cut area after stacking; the storage period is important to prevent deterioration of
fuel quality; summer months and early autumn are the most appropriate for forest cutting.
The references envisage further research of the main characteristics to improve the energy
efficiency of the combustion process and reduction emissions of harmful substances [8].

Logging residue storage in ventilated piles and the effect of the particle size on the
storage were investigated, as particle size is important for conveyor transportation and
proper burning of the chips. This can be achieved due to proper drying and maintaining
appropriate microclimate conditions [9]. Fuel storage conditions also affect fuel moisture
content and calorific values. It was found that, although the wood dries after 60 days,
however, when stored for more than 18 months, the fuel quality characteristics deteriorate
sharply, also due to exposure to molds and fungi [10]. Chips begin to decompose fast with
a very high increase of moisture content and the share of a fine fraction [11]. Preference
should be given to log drying [12]. Drying logging residue first and then forwarding
the material to a windrow on a landing will ensure lower moisture content and better
storage characteristics [13]. The temperature of the wood stack is a good indicator of
the decomposition of logging waste chips, but the ash content and calorific value of dry
matter vary slightly [14]. As a whole, many factors, such as storage method, biomass
origin, size and shape of the fuel, and storage time, as well as temperature and humidity,
simultaneously affect dry matter losses and must all be taken into account. Logs dried for
two weeks produce fewer fines while chipping compared to one-week dried logs [15].

When using wood chips or other wood fuels for cogeneration or special applications
in industry, the reduction of fuel moisture by drying using various technologies has been
investigated: the lower calorific value of wood fuels is 9.72 MJ/kg at 40% moisture content,
however, calorific value can be increased to 14.76 MJ/kg after drying the fuel to 15%
moisture content [16]. Minimization of ash content in wood chips has a significant impact
on heat and fuel production economy and ash handling costs. Studies in Central European
countries show that reducing ash content in wood chips is important as the storage of slag
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after incineration is an important environmental issue. Chip screening can improve chip
quality by reducing ash content and eliminating unwanted size classes [17].

The composition of wood chips can vary considerably as this fuel is inhomogeneous
and may contain significant amounts of needles, bark, and minerals [18]. The size of wood
chips also depends on the density of felling waste, which can vary up to 58%. Chip size
affects the movement of chips on a screw conveyor in the boiler house. The additional
mechanical energy from 1 kJ/kg to 5 kJ/kg to feed chips is needed [19]. Chip additives, such
as pinecones, can also improve fuel quality by increasing calorific value up to 21.16 MJ/kg
for spruce and 19.41 MJ/kg for pine, which exceeds the calorific value of chips produced
from these wood types [20].

In practice, the main characteristics have the greatest impact on the quality of wood
chips. In a Baltpool biofuel market study commissioned for an accredited laboratory,
wood chip samples to define moisture and ash content showed that the moisture content
values varied between 13.5% and 19.9% and ash content values—between 1.0% and 14.4%,
and those values were higher at higher outdoor temperatures and humidity [21]. The
dependence of calorific value on the moisture of the same wood species was investigated,
where the calorific value of dry wood at 0% humidity reached 18.802–20.224 MJ/kg, and at
50% humidity—calorific value reached only 9.74–6.36 MJ/kg [22]. Storage costs accounted
for about 4.8% and transportation costs for about 23.2% [23].

Following from the review, the parameters of the chips depend on many factors, such
as the composition of the raw material and the conditions and time of its preparation.
Although these factors have begun to be explored, efforts are still insufficient, while their
importance is growing due to the increasing need of renewable energy resources. At
the same time, the importance of measurement accuracy in estimating the total cost of
production and use of renewable fuels, as well as the volumes of harmful emissions to the
environment [24], is increasing.

Increasing the production of wood chips from certified raw materials and using them
for energy generation, as well as improving energy production technologies using biofuels
of various qualities can lead to expansion of the use of bio-resources for green energy, which
helps us to make progress towards a sustainable and circular economy and decarbonization
of the municipal thermal energy sector [25].

Socio-economic indicators for the bioeconomy (SEIB) have been proposed to assess
the sustainability of bio-economic sectors in Europe, including the bio-energy sector. They
could be used to measure the impact of policy strategies on the specific performances
evaluating the contribution of single bio-based sectors (especially in bio-energy). The
monitoring and assessment of indicators, related with management practices, is required
for European countries and would serve as example on a global scale. Lithuania, according
to this evaluation of the European average, is in the middle of MS [26].

The present investigation is focused on the determination of the main characteristics
(moisture content, calorific value, and ash content) of wood chips supplied to boiler houses
for heat production and their changes due to seasonality and geographical location in
Lithuania. Data for a period of 3 years, as well as the accuracy of their determination using
express methods, are analyzed.

2. Materials and Methods

2.1. Data Collection

To determine the characteristics of wood chips (moisture content, calorific value, and
ash content) supplied to district heating companies (DH), chip samples were selected from
two district heating companies to define geographical differences. Companies were located
in the northwest (Mažeikiai DH company—Company M) and southwest (Kaišiadorys DH
company—Company K) of Lithuania, the distance between being about 250 km. Wood chip
samples (approximately 600–700 g) were selected and submitted by the staff of the wood
chip supplier and the DH company following the procedure provided in their contract.
Two sub-samples from each sample were prepared for testing procedures.
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Figure 1 shows two sub-samples sets (a) and samples drying in the oven (b).

Figure 1. Examples of samples: (a) two sub-sample sets and (b) samples drying in the oven.

The elemental composition of the chips was not determined for each sample. However,
a comparison of the CHNSO road measurement averages with the averages of similar
elements of firewood (alder, ash wood, oak, birch) oak and black alder briquettes [5],
presented in Table 1, shows that there are no large differences between the main elements,
and there was no task to identify detailed differences in composition.

Table 1. Comparison of the composition of main elements for wood chips, firewood, and briquettes, %.

Type of Biomass
Carbon

(C)
Hydrogen

(H)
Nitrogen

(N)
Sulphur

(S)
Ash

Oxygen
(O)

Chips 53.3 5.8 0.22 0.045 3.2 37.5

Firewood, briquettes 49.3 6.0 0.29 0.02 0.9 43.5

The data on chip prices in two regions under investigation for the period of test
performed during the years 2018–2020 were collected in statistics of Biomass Exchange—
the electronic wood chip trading platform.

2.2. Testing Equipment and Methods

As in practice, the tests were performed using standard express methods, where only
two sub-samples were taken and analyzed from one chip sample, and it was not possible
to repeat them. Separate chapters of this paper discuss the additional uncertainty inputs
introduced by this method and the application of the total standard deviation to assess the
scatter.

Moisture content was determined in two sub-samples (Figure 1). Before the test wood
chips sub-sample was weighed, it was sieved through the 31.5 mm sieve to homogenize
the sub-sample. The total test sub-sample in a layer did not exceed 1 g of matter per cm2.
Two sub-samples were dried at 105 ◦C until the constant mass was achieved.

Dried wood chips were ground to obtain a nominal particle top size of 1 mm. Ash
content was determined in two test sub-samples, minimum of 1 g of test sub-sample.
Weighed samples were placed into a furnace and heated for approximately 4 h in two steps
(250 ◦C and 550 ◦C). Cooled dishes with samples were weighed.

Calorific value was determined also in two test sub-samples. The sample was tested
in a pellet form. Prepared sawdust was pressed with the hydraulic press at a force of about
10 t, having a diameter of about 13 mm and a mass of (1.0 ± 0.2) g. The repeatability limit
for two wood chip samples could not exceed more than 140 J/g.

The uncertainties presented in Table 2 were achieved for homogenous samples, and
tests could be repeated many times to define the standard deviation of achieved results.
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Table 2. Test apparatus and methods.

No Measured Characteristic
and Unit

Method Used Apparatus, Type Expanded Measurement
Uncertainty *

1 Ash content, % Solid biofuels. Determination of
ash content. EN ISO 18112:2016

Nabertherm LVT/9/11/P330
Mettler Toledo XS205DU/M (±0.30%)

2 Lower calorific value
of dry fuel, kJ/kg

Solid biofuels. Determination of
calorific value. EN ISO 18125:2017

Calorimeter IKA C 5000
Mettler Toledo XS205DU/M (±0.70%)

3 Moisture content, %

Solid biofuels. Determination of
moisture content. Oven dry

method. Part 1: Total moisture.
Reference method

EN ISO 18134-1:2016

BINDER FD 115 Nr. 13-18110 0021
Mettler Toledo
XP 2003 SDR

(±0.40%)

* The best measurement option. Expanded measurement uncertainty is defined from [27,28] by multiplying the standard uncertainty by
the coverage factor, which is determined by estimating the repeatability of the measurement results and the effective number of degrees
of freedom.

2.3. Data Analysis and Processing

Due to a large number of samples and the need to determine the moisture and ash con-
tent and calorific value in a limited time, simplified procedures, so-called express methods,
have been adopted in practice, where a minimum number of two samples can be analyzed.
There is no regulation on the threshold of the assessment of the main characteristics of the
wood chip, which is important in resolving disputes between purchasers and suppliers
of the wood chip, where several laboratories may be involved to determine the moisture
content of the spare chip sample, the results of which may differ.

The numbers of measurements for this investigation are as follows:

• 1317 measurements for Company M and 1453 measurements for Company K per-
formed on moisture content during the period 2018–2020;

• 1320 measurements for Company M and 383 measurements for Company K performed
on calorific value during the period 2018–2020; and

• 1498 measurements for Company M and 467 measurements for Company K were
performed on ash content during the period 2018–2020.

The figures represent the total numbers of samples provided to the laboratory during
the testing period, which is needed for the more precise definition of pooled standard
deviation [27].

Since the moisture content of biofuels in routine tests is only determined from two
sub-samples of a fuel sample, the repeatability of the results is estimated as the pooled
standard deviation [28] according to Equation (1):

Sp =

√√√√ 1
N − K

N

∑
i=1

(ni − 1)× s2
i , (1)

where Sp—pooled standard deviation;
si—standard deviation per sample assessed;
ni—number of measurements/sub-samples per sample;
N—total number of measurements;
K—number of samples.
The standard deviation per fuel sample is determined [28] according to Equation (2):

si =

√
2(xi − x)2, (2)

where xi—measured values of two sub-samples;
x—an average of the two measured values.
Equation (1) was used for repeatability measurement of all parameters under the test.
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3. Results and Discussion

3.1. Moisture Content of Wood Chips

Moisture affects the energy value of the fuel, combustion process efficiency, and
temperature achievable during the combustion process. Its lower calorific value is because
some of the heat released during combustion is used to evaporate the moisture. During the
cooling process of flue gas, the water vapor in the fuel can condense and cause corrosion
of the economizer and heat exchange surfaces. Moisture lowers the temperature in the
furnace, and as a result, combustion conditions deteriorate.

Experimental measurements of the total moisture of the chip samples provided from
the heat supply companies M and K revealed that the change of this parameter correlates
very well with annual seasonal changes in regional climate indicators. As is seen in Figure 2,
in the summer from May to September, the minimum moisture content of the wood chips
reached (30 ± 5)%. Maximum wood chip moisture up to (45 ± 5)% was observed in the
period from December to April. Although only 3 years were analyzed, it can be said that
the range of variation in the moisture content of the supplied wood chips varied slightly,
as well as the annual changes in environmental conditions. Short-term changes in air
humidity or precipitation did not change the basic pattern of wood chip moisture variation.
These factors, together with the shortcomings of the express method used for moisture
measurement, determined the deviations of the moisture data from the basic pattern curve
and data dispersion.

Figure 2. Daily average values of moisture content of wood chips supplied to companies M and K.

By increasing the averaging time from one day (Figure 2) to one month (Figure 3), the
impacts of short-term and random factors disappeared, and the changes of the seasonal
environmental conditions became more transparent and reflected the moisture content of
the main share of wood chips supplied to DH.

As expected, the geographical location of the sites did not affect the moisture content
of the chips, as the distance between the sites was only (250–300) km, and there was no
strict boundary between the regions of origin of the wood chips.

To evaluate the uncertainty on a determination of the total moisture of the wood chip
sample by taking the test results of two sub-samples, an additional analysis of the results on
the evaluation of the total moisture of 396 sub-samples out of 198 samples was performed.
It showed (Figure 4) that the absolute values of the standard deviation of the moisture
content values of two sub-samples from one sample were distributed according to the
normal distribution, and at 95% confidence level, the standard deviation of these values
varied within wide limits and reached up to 4.5%. This means that the total uncertainty in
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the determination of the total moisture content of the wood chips is strongly influenced
by the sampling procedure, the inhomogeneity of the samples, and the non-uniformity
of the moisture distribution in the individual fractions. These factors make an important
contribution to the total uncertainty of the moisture assessment in biofuels for two sub-
samples, as other contributions related to the measurement and test conditions made a
smaller and constant contribution of ± 0.4% (Table 2).

Figure 3. Monthly average values of moisture content of wood chips supplied to companies M and K.

Figure 4. Standard deviation from mean values for two sub-samples of the same sample and mean trendline curve.

The data presented in Figure 4 show that the mean of the standard deviations is close
to 1% and to the values of the pooled standard deviations calculated using Equation 1 and
presented in Table 3.

Table 3. The values of pooled standard deviation, calculated from the measured value of 50 samples.

Sample 0–50 51–100 101–150 151–200 201–250 251–300 301–350 351–400

Sp, % 0.58 1.07 1.14 1.24 1.5 1.67 1.71 1.37
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Thus, when estimating the scatter of the total wood chip moisture measurement
results by the total standard deviation, the expanded moisture measurement uncertainty
reached ±2.1%. In this case, the contributions to the total uncertainty associated with the
accuracies of the apparatus given in Table 2 and the scatter of the results are summed
arithmetically, i.e., the sum of their squares is not calculated. Deviations from individual
measurements to achieve 95% confidence, which is important in resolving potential legal
disputes, must be considered separately.

3.2. Calorific Value of Wood Chips

A comparison of the daily average variation of the lower (net) calorific values of dry
(moisture-free) chips supplied to companies M and K in 2018–2020 is presented in Figure 5.

Figure 5. Daily average lower calorific values (LCV) and mean trendlines curves: (a) company M; (b) company K.

It can be seen that the calorific value of the chips used in company M was quite stable
over the whole 3-year period and reached (18.8 ± 0.3) MJ/kg. At company K, a little higher
mean calorific value and dispersion were observed, that of (18.9 ± 0.4) MJ/kg. It also
confirmed that the geographical location of the sites did not affect the calorific values of
wood chips.

When determining the uncertainty of the calorific value measurement, it was observed
that the difference between the calorific values of the two sub-samples in one sample did
not exceed 0.14 MJ/kg. This value can be considered as an indicator of the scatter of
measurement results on calorific value and can be considered a contribution to the total
uncertainty of the measurement result, together with the contribution of 0.7% provided by
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the calorimeter and scales (Table 2). As the uncertainty in the determination of the moisture
content of the general analysis was small compared to the two main inputs indicated, the
calculated relative expanded uncertainty of the calorific value measurement was ± 1.5%.

3.3. Ash Content of Wood Chips

The ash content of pure wood is low and reaches up to 0.5%. However, logging waste
often contains large amounts of various impurities, such as leaves, needles, soil, or other
minerals, that increase the amount of ash, which has undesirable effects: it reduces the
calorific value of the fuel and accelerates the wear of fuel combustion equipment. Higher
amounts of ash increase the costs of ash storage and disposal.

The comparison of the daily average values of biofuel ash content in the companies M
and K in 2018–2020 is shown in Figure 6.

Figure 6. Daily average of ash content values and trendlines curves: (a) company M; (b) company K.

The distribution of ash content of wood chips according to the established classes
showed that up to 90% of the ashes in the analyzed samples fell in the range of biofuel ash
classes from A0.7 to A3.0. The calculated relative expanded uncertainty of the ash value
measurement was ±1.0%.

3.4. Biomass Fuel Prices

Prices of wood chips purchased at biofuel exchange auctions in regional counties,
where companies M and K were located during the period 2018–2020, are presented in
Figure 7.
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Figure 7. Changes of chip fuel prices at biofuel exchange during period 2018–2020 in counties, where companies M and K
are located.

Auction prices showed both seasonal and slight geographical differences. The ge-
ographical differences were reflected via the prices of chips sold through the biofuel
exchange and did not exceed 10%. Total tendency showed that this was related to de-
livery distance, not quality. Seasonal differences did not so much reflect fuel quality as
seasonal fluctuations in demand and supply as prices fell during the summer when fuel
consumption fell to baseline needs. During the heating season, when demand increased,
biofuel prices also rose. On the other hand, prices continued to rise depending on climatic
conditions—during warmer winters, the prices were lower than in cold winters.

These data also show that chip fuel prices have fallen significantly in the recent
couple of years due to low-cost imported fuels. However, in terms of the prospects, the
rise in the price of biomass is expected due to several reasons: the increasingly strong
competition with the growing furniture and pulp industries for high-quality chips with
lower moisture content, as those industries have been expanding rapidly in Lithuania over
the past few years; competition due to growing demand for biomass fuel on national as
well as international biomass markets.

3.5. Discussion

The presented results show that the wood chips supplied to boilers with an average
capacity of up to 10 MW operating in DH systems are of relatively high and stable quality.
The moisture content of such fuels changes regularly depending on seasonal climate
changes and affects the calorific value of the fuel accordingly. Such impact was also
observed in the study [16].

In our case, the high calorific value and low ash content of the chips were due to
the fact that amounts of impurities, in the form of small particles with diameter lower
than 3.15 mm, did not exceed 10% [21], and the production—storage—use time of the
raw material was relatively short, usually not exceeding one year. This prevents the raw
material from biodegrading. Such chips, the moisture of which can change in the prescribed
pattern over the year, are the most suitable for medium-capacity boilers with furnaces
adapted to wet fuels.

When wood chips with low impurities are used as fuel, their calorific value and ash
content depend little on the type of wood used to produce chips in central and northern
Europe [8,16,20]. However, as the practice of chip preparation in Latvia [6] showed, when
storing green cutting waste in piles from half a month to 4 years and producing chips in
February–May 2012, their relative moisture, calorific value, and ash content varied within
the respective range (20.6–73.1)%, (15.7–19.7) MJ/kg, and (1.5–23.3)%. It is a consequence
of the long storage of the raw material in piles under field conditions that determines the
wider limits of variation in ash content and moisture content of the raw material.
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Decreasing wood chip quality is observed in the results of our study, as high-quality
local raw material resources are declining not only due to the growing needs for heating
but also due to the increased use of wood for other purposes. This suggests that further
intense rates of wood chip use could inevitably lead to serious violations of the sustainable
use of renewable fuels based mainly on wood. Therefore, increased attention needs to
be paid to the improvement of technologies for the preparation and incineration of wood
waste and mixtures with other types of biofuels, as well as separate agro-wastes.

Nearly 80% of heat was produced from wood chips in 2019 in Lithuania. Transforma-
tion of bio-wastes into green municipal energy helps to make progress towards introducing
circular and sistainable economies [25]. Alhough Lithuania is still considered an "in-
between“ EU country according to the socio-economic indicator for the bioeconomy [26],
improvement of waste management, together with renewable energy management at the
regional or municipal levels, paves the way to the increase of implementation of sustainable
processes based on resource circularity.

4. Conclusions

A large amount of data for a period of 3 years from 2018 to 2020 on wood chips,
supplied to the two district heating companies in Lithuania, and their parameters, such as
moisture, ash content, and the calorific value, were analyzed to assess the dispersion and
dependence of these parameters on seasonality and geographical factors.

It was determined that the change of total wood chips moisture was fully consistent
with annual seasonal changes in regional climate indicators. In the cold season, the moisture
content of wood chip felling residues was about (45 ± 5)% and reached its highest values
from December to April, and in the warm season, it decreased to (30 ± 5)%, reaching the
minimum values in the period from May to September.

It was also determined that the mean lower calorific value of the wood chips was
quite stable over the whole 3-year (2018–2020) period and reached (18.85 ± 0.35) MJ/kg.

The ash content values ranged from 0.5 to 4.0%. These parameters indicated that the
wood chips used were still relatively clean, with a small content of small particles that did
not exceed 10% of the total weight. Geographic locations did not show tangible differences
between these parameters.

Despite the use of express methods, the relative expanded uncertainties of moisture
content, lower calorific value, and ash content determination were ±2.1%, ±1.5%, and
±1.0%, respectively.

Such parameters indicated that the wood chips used were still relatively clean, with
a small content of small particles that did not exceed 10% of the total weight. This was
ensured by the requirements of Baltpool to provide fuel of a quality that would guarantee
efficient combustion and would not adversely affect the equipment. At this stage, it could
be argued that the principles of sustainability were sought to be maintained. However, it
cannot be guaranteed that this will be the case in the future if chips are used for heating at
such a rate. Unless the incineration of household waste occurs in modern power plants,
the insulation of buildings and various energy saving measures can all make a significant
contribution to reducing the incineration of wood chips and maintaining sustainability.

Current rather stable and low chip prices lead to lower heating prices for consumers,
while their seasonal and geographic variations depend more on demand/supply and the
distance of delivery. However, the rise in the price of biomass is expected due to the
growing strong competition with the furniture and pulp industries, growing biomass fuel
national and international demand, as well as changing EU policy on the role of biomass
and supply-chain emissions, which include increasing atmospheric CO2 and the rated pace
of global warming.
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5. Praspaliauskas, M.; Pedišius, N.; Čepauskienė, D.; Valantinavičius, M. Study of chemical composition of agricultural residues
from various agro-mass types. Biomass Convers. Biorefin. 2020, 10, 937–948. [CrossRef]
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Abstract: In recent studies, various reports reveal that stubble burning of crop residues in India
generates nearly 150 million tons of carbon dioxide (CO2), more than 9 million tons of carbon
monoxide (CO), a quarter-million tons of sulphur oxides (SOX), 1 million tons of particulate matter
and more than half a million tons of black carbon. These contribute directly to environmental
pollution, as well as the haze in the Indian capital, New Delhi, and the diminishing glaciers of the
Himalayas. Although stubble burning crop residue is a crime under Section 188 of the Indian Penal
Code (IPC) and the Air and Pollution Control Act (APCA) of 1981, a lack of implementation of these
government acts has been witnessed across the country. Instead of burning, crop residues can be
utilized in various alternative ways, including use as cattle feed, compost with manure, rural roofing,
bioenergy, beverage production, packaging materials, wood, paper, and bioethanol, etc. This review
article aims to present the current status of stubble-burning practices for disposal of crop residues in
India and discuss several alternative methods for valorization of crop residues. Overall, this review
article offers a solid understanding of the negative impacts of mismanagement of the crop residues
via stubble burning in India and the other more promising management approaches including use
for bioenergy, which, if widely employed, could not only reduce the environmental impacts of crop
residue management, but generate additional value for the agricultural sector globally.

Keywords: agricultural residue; stubble burning; alternative management practices; valorization

1. Introduction

Stubble burning is a practice where fire is purposely put to the stubble which remains
after grains, such as paddy, wheat, rice, corn, etc., have been harvested. This represents an
important source of atmospheric aerosol and gas emissions, hence having a potential effect
on the global air quality and environmental chemistry. Open-field biomass burning is a
longstanding method for land clearing and improvements in land use to dispose of living
and dead vegetation, used globally. It has been estimated that humans account for nearly
90% of biomass combustion, although only a small portion of natural fires are responsible
for the overall amount of vegetation burnt [1]. Over the past few decades, biomass burning
has increased worldwide. In India alone, the total amount of crop residue and the burnt
was estimated to be 516 million tones and 116 million tonnes (Mt), respectively, in the
year of 2017–2018, approximately generating 176.1 Mt CO2, 10 Mt of CO, 0.31 Mt CH4,
0.008 Mt N2O, 0.151 Mt NH3, 0.814 Mt NMVOC, 0.453 Mt PM2.5 (particulate matter) and
0.936 Mt PM10 [2]. Stubble burning has many environmental impacts and consequences,
compared with alternatives such as ploughing stubble back in the field or harvesting them
for industrial purposes. However, there are inadequate data on the impacts of crop stubble
burning. Extrapolation has been commonly used in estimating the pollution factors in the
database of farm residues, which may result in high uncertainty in the emission figures. It
is well known that, due to agricultural field burning during the harvest season, air quality
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is greatly affected. Aerosol and gaseous pollutant source profiles from an agricultural
fire are needed to assess their contribution to ambient air quality. As described above,
agricultural field burning has created many environmental problems, utilizations of crop
residues for such as cattle feed, compost with manure, rural roofing, biomass fuel, beverage
production, packaging materials, wood, paper, and bioethanol, etc., should be explored
and promoted. In the following sections, the detrimental environmental impacts of open
burning of the agricultural residues are discussed in detail and current approaches for
managing these crop residues are also presented.

This paper aims to present an overview of the practice of stubble burning of crop
residues in India, its effects on the environment and health, and discuss some alternatives
to stubble burning for valorization of crop residues.

2. Practices in India

India is a farming nation with many farming practices in step with agro-climatic zones.
Rice, paddy and wheat cropping patterns are among the extensive farming practices in
the states of Haryana, Punjab, Rajasthan, and western Uttar Pradesh. These regions are
also infamous for burning the straw and stubble after the harvesting season. The state
Punjab crosses India Pakistani border and is also called a ‘breadbasket’ because it produces
two-thirds of India’s food grains. Even though the government increasingly restricted
the practice after 1990s, each year in late September and October, farmers from Punjab
and Haryana in particular burn an estimation of 35 million tons of crop residue from their
paddy fields after harvesting [3]. This practice serves as a low-cost method of getting rid of
the straw and reduces the turnaround time between harvesting and sowing for the second
(winter) crop. Figure 1 shows the crop-wise distributions of crop production, residue
generated, and residue burnt in India for the year of 2018 [4].

Figure 1. Crop-wise distributions of crop production, residue generated, and residue burnt in India
for the year 2018 [4].

Burning the residue leads to the loss of nutrients and resources. Apart from deterio-
rating the ambient air quality, flaming stubbles causes soil nutrient loss of organic carbon
(3850 million kg), nitrogen (59 million kg), phosphorus (20 million kg), and potassium
(34 million Kg), and discharges large volumes of various air pollutants such as COX, CH4,
NOX, SOX, and particulate matters (PM10 and PM2.5) [5]. The burning of straw and stubble
is still a major disposal method in India, although the government of India has taken a
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few steps to prohibit the practice in recent years. The National Green Tribunal (NGT),
located in the capital of India, imposed a ban on the flaming of straw and stubble in the
neighbouring four states (Haryana, Rajasthan, Punjab, and Uttar Pradesh) to New Delhi,
which contribute the significant air pollution during the early winter [6]. The government
encourages farmers to utilize the straw and stubbles for alternative practices like mulching
or in situ incorporation rather than burning. This agricultural waste can be used for animal
fodder, generation of electricity, growing mushroom, and paper industry.

It has been reported that crop stubble burning contributes to one-quarter of the air
pollution that blankets the entire capital city in the winters almost every year. In November
2018, the Delhi pollution index climbed to 12 times higher than the upper limit for healthy
air. According to the United States embassy in New Delhi, the air quality in central Delhi
in the morning was termed as “unhealthy,” being more than three times the permitted
level. The federal government was strongly criticized after the US-based United Airlines
suspended flights to New Delhi due to its pollution. Apart from the stubble burning,
the entire country celebrates the Diwali festival with fireworks, which also contributes
to a lot of air pollution, especially in New Delhi. The Supreme Court of India passed a
judgment in early 2019 to regulate the emission of gases from different sources, including
the combustion of crop stubble and garbage as well as emissions from motor vehicles.
However, most of the farmers in North India, as well as in other parts of the country, are
not well educated and they do not become aware of air pollution and its threats to human
life and the environment. Thus, the farmers use fire on agricultural waste, not deliberately,
as they are the first victims of smoke inhalers. The North Indian farmers, especially from
Punjab and Haryana, are in a helpless situation because there are no viable alternatives
available to them to clear the fields but burning. All that threatens human health to such an
extent is wrong and needs to be prevented. For implementation of the prohibition on the
combustion of crop stubbles, a centralized, designated and accountable authority should
be established to execute a comprehensive strategy to solve this problem with concrete,
time-limited goals.

3. Effects of Stubble Burning

3.1. Environmental Effects

The burning of crop residues generates various environmental issues. The most
adverse effects of crop residue burning embody the emission of greenhouse gases (GHGs)
that contribute to global climate changes. In addition to that, enhanced levels of PM and
other air pollution that cause health hazards, loss of diversity of agricultural land, and the
deterioration of soil fertility [7]. The burning of the crop stubble in an open field influences
soil fertility, eroding the sum of soil nutrients.

3.1.1. Air Pollution

Crop residue burning produces various air pollutants like GHG emissions, CO, NH3,
NOX, SOX, non-methane organic compound (NMHC), volatile organic compounds (VOCs),
semi-volatile organic compounds (SVOCs) and PM [3], leading to the loss of organic
carbon, nitrogen, and alternative nutrients, which otherwise might have preserved in soil.
In Punjab, approximately 22 Mt of CO2, 0.92 Mt of CO, and 0.03 Mt of SO2 is generated
from around 15 Mt of rice residues on an annual basis [8]. Similarly, according to a study
by Jain et al., GHG emissions account for 91.6% of total air emissions caused by the burning
of 98.4 Mt of crop residue and the remaining 8.4% are CO, NO, NMHCs and SVOCs [3].
Stubble burning also leads to emission of aerosols [9]. As also reported by Gadde et al. [10],
the open burning of rice straw in India, Thailand and the Philippines results in severe air
emissions of SO2, NOx, CO2, CO, and CH4.

The major emissions of polluting gases and PM, as well as aerosols and trace gases
as a result of crop residue burning, are listed in Tables 1 and 2. The PM released from the
burning of crop residues is 17 times higher than that of the emissions from various other
sources like motor vehicles, waste incineration, and industrial waste [11]. Intrinsically,
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the crop residue burning among the northwest vicinity of the country contributes to a
considerable amount of about 200 organic carbon compounds in terms of the national
emissions budget [12]. Street et al. [13], have anticipated that about 730 Mt of biomass
was burned annually in Asian countries, and among them, India is in 18th position. Crop
residue burning will increase the PM within the atmosphere and contribute to temperature
change considerably. The fact that the fine black and also brown carbon (primary and
secondary) would change sun light absorption and hence contribute to the global climatic
change [10,14–16].

Table 1. Major pollutants released into the atmosphere during crop residue burning [8].

Category Pollutant Source

Particulate matters

PM2.5 and PM10
Condensation after combustion of gases and
incomplete combustion of organic matters

PM100
Incomplete combustion of in-organic

materials, particles on burnt soil

Gases

CO Incomplete combustion of organic matters

CH4 Incomplete combustion of organic matters

O3
A secondary pollutant formed due to the

reaction of nitrogen oxide and hydrocarbon

NO, NO2
N2O

Oxidation of fuel-N or N2 in the air at
high temperatures

Polycyclic aromatic
hydrocarbons (PAHs) Incomplete combustion of organic matters

Table 2. Emission levels of air pollutants during harvesting season in Haryana and Punjab (Source:
Delhi Pollution Control Committee [DPCC], 2016).

Pollutants Area in Delhi
Current Level

(μg/m3)
Permissible Limit

(μg/m3)

PM2.5 Punjabi Bagh 650 60–80
PM10 Punjabi Bagh 1000 60–80
CO IGI Airport 6.3 2–4
SO2 IGI Airport 29.8 60–80
NOX Anand Vihar 167 60–80

Usually, PM within the air is classified as PM2.5 and PM10 in terms of its particle
size (PM2.5 is fine particles with a diameter <2.5 μm and PM10 is coarser, with a diameter
<10 μm). Lightweight PM materials will remain suspended within the air for an extended
time and might travel a prolonged distance with the wind [17,18]. PM pollution worsens
under some climatic conditions, when the lightweight particles stay in air for an extended
time causing severe air pollution. The annual contribution of PM2.5 from the burning of
paddy residue within the Patiala district of the geographic region was estimated to be
around 60 to 390 mg/m3 [19]. With the onset of cooler weather in November, the smoke,
mixed with fog, dust, and industrial pollution, forms a thick haze. In the season if there is
a lack of wind, the thick haze would continue for many days, as was the case throughout
November 2017. Many major cities, including New Delhi, Lucknow, and Kanpur, faced
elevated levels of pollution [20].

According to the United Nations, the permissible levels of PM2.5 within the air is
10 μg/m3, while India’s National Air Quality commonplace allows the permissible level of
PM2.5 to be about at 40 μg/m3. However, the capital territory of the urban center recorded
a mean of 97 μg/m3, which is double that of any other Indian place and 10 times more
than that of the United Nations guidelines [19].
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As well known, the emission of toxic gases from burning of the crop residue could
lead to coughing asthma, emphysema, bronchitis, irritation of the eye, an opacity of the
corneas, and skin disorders. Inhaling of PM can lead to intensifying persistent cardiac
and pulmonary ailments and is related to the premature deaths of people who are already
suffering from these illnesses [21]. About half of the world’s population now lives in urban
areas, which facing sever air pollution issues that adversely affects human health through
the cardiovascular and respiratory systems [22]. Air pollution results in metabolism dis-
eases like eye irritation, bronchitis, asthma, etc. Increasing individuals’ sickness mitigation
expenses and, additionally, poignant ones’ operating capability. Annually, 3.3 million peo-
ple are dying prematurely due to air pollution around the world. If air emissions continue
to rise, this number will double by 2050 [21]. The Organization for Economic Cooperation
and Development (OECD) estimates that in Delhi NCR alone, air pollution contributes to
approximately 20,000 premature deaths and this number is expected to increase to 30,000
by 2025 and to 50,000 by 2050 (OECD, 2016). Table 2 shows that current pollutant emission
levels in most areas of Delhi are way off the permissible limits.

The burning of crop waste also puts in danger of the survival of animals that produce
milk. Air pollution can lead to animal death, as high CO2 and CO levels in the blood can
alter normal haemoglobin leading to death. More than 60,000 people who live in rice-
growing areas are vulnerable to air pollution as a result of rice stubble burning, according
to Singh et al. [8].

Detrimental compounds such as polyhalogenated organic compounds, namely poly-
chlorinated dibenzodioxins, peroxyacetyl nitrate, polyaromatic hydrocarbons, polychlo-
rinated biphenyls, and polychlorinated dibenzofurans, a family of organic compounds
commonly called ‘furans’, are all classes of chemical emitted from open burning of farm
residue [21]. These atmospheric pollutants are potentially toxic, and some are teratogenic,
mutagenic, or carcinogenic in nature. The burning of crop straw and stubble has severe
negative impacts on health. Pregnant women and infants are most prone to suffer adverse
effects due to stubble burning pollutants. Respiratory inhalation of suspended PM2.5
prompts asthma and can even worsen symptoms of bronchial attacks [6].

Open burning in the field also affects the lifespan of animals, birds and insects. Burning
from time to time also causes poor visibility and increases the impact of road accidents.
House surveys show that paddy husk burning causes several other problems as well as
increasing health costs in polluted lands. Whether or not households are conscious of the
harmful effects of waste burning, the answer would be ‘yes’ for about 90% of households;
however, almost no household would take precautionary action to tackle pollution-related
diseases [5].

Eye irritation and congestion within the chest are the two major issues faced by
the bulk of people suffering from the stubble burning pollution. Metabolism allergic
reaction, asthma attack and cartilaginous tube issues are the smoke connected chronic
and non-chronic diseases that affected house members. Within the harvesting season, the
affected families have to see doctors or use home medication for temporary relief from
irritation/itching in eyes, respiration problems and similar alternative smoke connected
issues. Sometimes they need to be hospitalized for 3 to 4 days, with extra expenditure
incurred. On average, households spend a lot and suffer a lot from non-chronic metabolism
diseases like coughing, a problem in respiration, irregular heartbeat, itchiness in eyes
minimized respiratory organ performance, etc., throughout the year in particular during
the months of crop husk burning [23]. The state government, from time to time, advises
farmers not to set their field blazing. This is publicized in the native newspapers to create
individual awareness of the adverse effects of crop husk burning. The administration even
makes such announcements by loudspeakers within the villages. However, farmers who
store the husk rather than burning it are not given any incentive from the administration,
and farmers are not privy to the provision of alternative techniques to burning. The
majority of farmers would be interested in adopting other practices if the state government
offers enough resources.
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In addition to the emission of air pollutants and the associated health effects to living
organism, there is a continuous deterioration of soil fertility because of burning, which will
be discussed in the following Section 3.1.2.

3.1.2. Soil Fertility

According to the Department of Agriculture, Government of Punjab, the soils of
Punjab typically contain low nitrogen content, low to medium phosphorus, and moderate
to high potassium. Besides, the organic carbon in the soil has decreased to very low, and
insufficient levels and organic manure and crop residue have not been properly applied.
Production of 7 t/ha rice and 4 t/ha wheat extract more than 300 kg of nitrogen, 30 kg
of phosphorus, and 300 kg of potassium from the soil per hectare. The burning of crop
residues contributes to the depletion of soil organic carbon, according to the Department
of Soil, Punjab Agricultural University. Moreover, CO2 and soil nitrogen balance changes
quickly, and nitrogen is converted into nitrate, leading to depletion of 0.824 million tons of
nitrogen-phosphorus-potassium (NPK) from the soil annually.

In addition, repeated burns can diminish by more than 50% the bacterial population.
Long-term burning also reduces the amount of 0–15 cm soil loss along with loss of total
nitrogen, biomass, and potentially mineralized nitrogen and organics. The burning of
agriculture residues raises the soil temperature and causes depletion of the microorganism
and flora population. The residue burning will increase the dirt temperatures to just about
35.8–42.2 ◦C at 10 mm depth [11], and semi-permanent effects will even reach up to 15 cm
of the highest soil. Furthermore, the frequent burning reduces the nitrogen and carbon
content in the soil and kills the microflora and fauna, which are useful to the soil, and
additionally removes a significant portion of organic matter. With crop residue burning, the
carbon-nitrogen equilibrium of the soil can be totally lost [5,24]. According to NPMCR [25],
open incineration of 1 tonne of stubble would result in the loss of all organic carbon, 5.5 kg
of nitrogen (N), 2.3 kg of phosphorous (P), 25 kg of potassium (K) and 1.2 kg of sulphur (S)
in the soil. If the crop residue is kept within the soil itself, it will enrich the soil with C, N,
P and K additionally.

Mandal et al.’s study [26] revealed that the burning of rice and wheat residues con-
tributes to a loss of about 80% of nitrogen, 25% of phosphorus, 21% of potassium and 4-60%
of soil sulphur, although it does destroy unwanted bugs and diseases borne by the soil.

Corp residue burning also contributes to a depletion in the crop essential nutrients.
Around 25% of nitrogen and phosphorus are kept in crop residues, making 50% of sulphur
and 75% of cereals potassium intake viable nutrient sources [13]. According to Singh
et al. [8], there was a loss of 2400 kg of carbon, 35 kg of nitrogen, 3.2 kg of phosphorus,
21 kg of potassium, and 2.7 kg of sulphur from burning of rice residues in 1 ha in Punjab
between 2001 and 2002. As presented in Table 3, burning of rice residue led to almost
complete loss of carbon and nitrogen, and about 20–60% loss of P, K and S.

Table 3. Nutrient losses as a result of burning of rice residue in Punjab [8].

Nutrient
Concentration in

Straw (g/kg)
Percentage Lost in

Burning
Loss (kg/ha)

C 400 100 2400
N 6.5 90 35
P 2.1 25 3.2
K 17.5 20 21
S 0.75 60 2.7

4. Alternative Methods to Open Burning

In order to implement sound selections of alternative crop residue management
methods, it is necessary to scientifically perceive the short and temporary effects of various
crop residue management practices and to develop new residue management technologies
that are cost-efficient and environmentally acceptable.
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Crop residue management choices should be measured on the premise of productivity,
gain, and environmental impact. These criteria would overlap with those employed in
the approach of ecological intensification for intensive crop production systems aiming
to fulfill the increasing demand for food, feed, fiber, and fuel, while meeting acceptable
standards of environmental quality [27].

4.1. In Situ Incorporation

Although there are different alternatives to stubble burning, currently only two options
are available to farmers, either to integrate the remains of crop stubble in situ or to burn
it within the field. Farmers do not favour in situ incorporation because the stubble takes
a long time to break down into the soil. According to the Department of Agriculture of
Punjab, less than 1% of farmers implement in situ incorporation of crop stubble.

As per Singh et al. [28], however, the crop yield was significantly lower if the rice
residue was added immediately before seeds are sown due to inorganic nitrogen immobi-
lization and its adverse effect because of nitrogen deficiency. In a few studies, rice stubble
was incorporated in the soil during the first 1–3 years, 30 days before wheat planting, and
the wheat yield was found to decrease. Yet rice stubble incorporation in later years had no
effect on the production of wheat crops.

According to another study by Sidhu and Beri [29], the incorporation of rice residues
in the soil could be the best alternative practice (Table 4). A six-year study period showed
that the production of subsequent wheat and rice crops was not adversely affected if the
rice residue was introduced into the soil between 10 to 40 days before the sowing of the
wheat crop. The resulting rice residue had no residual effect on the paddy straw combined
with wheat, producing similar yields of rice and wheat with different residual management
practices, including burning, elimination and integration [28,30]. Singh et al. [31] reported
that paddy straw was introduced to the soil three weeks before wheat sowing and the
wheat yield increased significantly in clay loam soil but in sandy loam soil. It was also
reported that there was no adverse impact of in situ incorporation of crop stubble on the
subsequent grain outputs according to research by Sharma et al. [32,33].

Table 4. Comparison of impacts of different residue management practices on soil properties in
Ludhiana, Punjab [29].

Soil Property
Crop Residue Management

Incorporated Removed Burned

Total P (mg/kg) 612 420 390
Total K (mg/kg) 18.1 15.4 17.1
Olsen P (mg/kg) 20.5 17.2 14.4

Available K (mg/kg) 52 45 58
Available S (mg/kg) 61 55 34

Similar results reported that the incorporation of rice residue 3 weeks prior to sowing
the wheat crop increased the amount of wheat only in clay loam soil and not in sandy
loam soil [28]. This study also showed that organic carbon increased by 14–29% when
the crop residues were incorporated in the soil. Incorporation of rice residue into the soil
within 30 days before sowing wheat crops led to lower yields of grape wheat relative to
those when the rice residue was burned [34]. Moreover, rice stubble incorporation into the
soil has a beneficial effect on physical, chemical, and biological soil properties such as pH,
organic carbon, the ability of water retention and bulk soil density. According to Mandal
et al. [26], the impacts on the physicochemical properties of the soil over 7 years of various
crop residue management practices (incorporated, removed and burned) are comparatively
shown in Table 5. Both Tables 4 and 5 clearly show that methods of handling the rice
residue for soil nutrient conservation are in the following order: in situ incorporation >
removal of the rice residue from the land > stubble burning.
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Table 5. Impacts of different residue management practices on soil properties [26].

Physiochemical Properties of
the Soil

Crop Residue Management

Incorporated Removed Burned

pH 7.7 7.6 7.6
EC (dSM−1) 0.18 0.13 0.13

Organic C (%) 0.75 0.59 0.69
Available N (kg/ha) 154 139 143
Available P (kg/ha) 45 38 32
Available K (kg/ha) 85 56 77

Total N (kg/ha) 2501 2002 1725
Total P (kg/ha) 1346 924 858
Total K (kg/ha) 40480 34540 38280

4.2. Mulching

Mulching is the protective covering of the soil using sawdust, compost, or paper to
reduce evaporation, prevent erosion, control the weeds, enrich the soil, or cleanse fruit.
Mulching usually requires biomass transfer from the field before the soil is puddled, and
then the biomass returns once the soil is prepared [35]. After harvesting the rice in India,
some farmers do not drain their land on early rice crop and keep the field flooded during a
short transition to the late rice crop transplant. Placing straw from early rice as mulch in
lengths along the transplanting path for late rice ensures that the soil is moist enough to
allow late rice transplants, controls the growth of weed and prevents rice rotting, while
other Indian rice farmers have attempted to avoid flooded rice systems that allow crop
residue to be retained on the surface [36]. Farmers either throw rice seedlings or seed
germinated rice directly in many northern states such as Uttar Pradesh. Residues of crops
are maintained on the soil surface in these systems. During plant establishment, the soil
is saturated or flooded and weeds are managed by herbicides. Some farmers use relay
crops to sow rice in wheat fields before mixing harvests. During the rice crop, the standing
wheat stubble gradually decays. In order to save water and enhance N performance, a rice
system for rice production (GCRPS) covers the soil under non-flooded conditions with soil
covered by rice straw paw during development, but the yield of grain was often lower
than in flooded rice [37].

A reduced or no-tillage system (Figure 2) makes it fairly easy to preserve the residue
on the soil like a mulch by merely holding it onto the field during harvesting, when the
residue does not need to be removed and added until tillage.

 
Figure 2. No-tillage farming (https://smallfarms.cornell.edu/2016/01/no-till-permanent-beds/
(accessed on 8 July 2021)).
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Farmers in rice-based cultivation systems in India typically practice no sowing of
winter crops, including wheat, barley, and rapeseed. Surface seeding of wheat is performed
in ~60% of the rice-wheat system in Southern India by making a little hole in the earth
(dibbling) followed by mulching with rice residue (4–6 t/ha). As the time span between
maize harvest and the wheat crop sowing is relatively short (20 to 45 days) in India, it is
difficult to enforce activity to manage weeds and to minimize evaporation in the fallow
while not flooding the next crop [38]. Maize residue is spread to the mulch immediately
following the harvest. For farmers who grow rice rather than wheat after rice, this tech-
nique is attractive. Farmers in the Indo-Gangetic Plains in north-western India have been
gradually using reduced and no-tillage for wheat since the end of the 1990s and it results
in substantial cost savings by reducing the fuel and labour use. Early seeding, particularly
after the late rice harvest, also makes it easier in the eastern part of the Indo-Gangetic Plain
to achieve potential yield advantages. Since the end of the 1990s, the region of reduced and
non-smoking wheat has grown exponentially in the Indo-Ganges plain to an estimated
20% to 30% or 2–3 million hectares in 2006. However, the non-sowing of weeds after
combine-harvesting of rice encounters some difficulties, e.g., accumulation of residues in
the furrow openers, problems with the friction of the driving wheel of the drill, difficulties
with loose straw fertilizer metering systems and uniform sowing depth due to frequent
leaving of the drill to clear blockages [39]. Many methods for direct sowing into rice residue
are being tested to address the problem of clogging and ‘hair pinning’ when the straw
bends but is not cut and buried, which leaves the seed on the surface. These include the
double and three-disk systems [40], the paw thrower and stubble chopper, although, to
date, none has been successfully implemented.

Tillage mulching is a method to retain enough residue remains on the surface of the
soil to significantly reduce erosion. It is used in low-soil lands. The residue can also be
used as mucus to the following non-flooded crop (Figure 3). This method is not used by
many farmers because it requires that the residue be partially removed from the field and
returned after planting [41]. For farmers with limited land holdings and ample labour,
however, this approach can be easier. In conventionally tilled fields in the rice-wheat
system in South Asia, rice residue mulching is carried out only occasionally [42].

 

Figure 3. Tillage method of mulching (www.livinghistoryfarm.org (accessed on 8 July 2021)).

4.3. Composting

Composting is a biological process where organic waste is converted into compost
that can be used as a fertilizer by microorganisms under controlled aerobic conditions [43].
A composting technique is usually used for the management of off-field residues where the
compost generated is not returned to the field, while it can also be implemented in fields
(in situ composting) [44].

In situ, rice straw is stacked up at threshing locations [45] as an instance of composting,
where the straw decomposes gradually, mostly aerobically, and then at the beginning of
the next season the compost can be dispersed into the soil as a fertilizer. The drawbacks
of this operation include the establishment of suitable habitat for rodent pests and the
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undesirable presence of immobilized residual N. In China, another form of in situ compost-
ing is practiced in which wheat or barley residue is buried in ditches parallel to the rice
transplant [46]. Crop residue can be composted alone or with other organic materials such
as animal manure. The resulting compost can then be collected and added to the soil as a
fertilizer. It is an appealing alternative to stubble burning owing to its ability to turn waste
in a farm into a valuable fertilizer product by simply packing crop residues into piles or
pits for a long time [47]. The composting method used in Indian rural areas often employs
a passive aeration system with aeration holes and the treatment time is commonly within
two to three months. Composting technology requires the input of the labour force but
does not entail capital investment nor advanced machinery and infrastructure, which can
be particularly attractive to small farms with sufficient labour resources.

4.4. Happy Seeder Machines

Although crop residue retained in the field plays a positive role in recovering soil
quality and reducing environmental pollution caused by stubble burning, seeding of wheat
in the field with rice residue retained was a challenge until the development of a happy
seeder machine recently. The ‘Happy Seeder’, incorporating mulching and drilling of
stubble in a single unit, is a promising new method [48], where the stubble is cut and
gathered before seeding, and the cut stubble is then deposited as a mulch behind the seed
sower.

The technology evolution has led to invention of a device known as the Combo
Happy Seeder equipment (Figure 4) [49]. Several Happy Seeder machines have been
built including the nine-row Turbo Happy Seeder (v.2). The 9-row Turbo Happy Seeder
(vers.2) with a weight of 506 kg can be driven by a 33.6 kW tractor, and it has a working
capacity of 0.3 ha h−1 for seeding wheat in the field with rice residue retained [50]. The
adoption of happy seeder machine is facing some constraints including its low machine
operating window (25 days a year), limited machine efficiency, inability for wet straw
operation, and the lack of spreaders on a combined harvester. According to the National
Academy of Agricultural Sciences (2017), rice residue can be managed by concurrent use of
a super straw management system (SMS) fitted combines and turbo happy seeder. More
importantly, profit analysis showed that Happy Seeder systems are more profitable than
other alternatives for crop residue management [51]. Sowing wheat with the combination
of happy seeders has an operating cost 50–60% lower than that with a traditional seeder [8].

 

Figure 4. Happy seeder equipment [49].

4.5. Bioenergy

Another promising residue management method is the production of bioenergy from
crop residues. For example, crop residues can be used for liquid biofuel production, i.e.,
conversion of biomass to biopower or electricity or liquid fuel [52,53]. The most common
biofuel produced from crop residues is cellulose-based ethanol, and the production in-
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volves enzymatically breaking down the polysaccharide within the straw into its element
sugars, which will then be fermented into ethyl alcohol. Biopower is generated by direct
combustion of straw alone (direct firing), or together with another fuel (co-firing) [54].
Another alternative method to direct combustion is through gasification, in which straw is
gasified by air or steam to generate a fuel-gas mixture of N2, H2, CO, and CO2 followed by
combustion of fuel-gas mixture to generate electricity.

Bioenergy can also be generated from crop residues via anaerobic digestion to pro-
duce biogas mainly CH4, which is collected and combusted to generate electricity [55].
For example, Gross et al. [56] applied cattle and buffalo manure and crop residues as
the feedstock to produce biogas by anaerobic digestion, which was accompanied by the
production of organic fertilizer. In another study, Abdelsalam et al. [57] produced biogas
from the mixture of agricultural waste (e.g., potato peels, lettuce leaves, and peas peels)
and livestock manure by co-digestion, and it was observed that the highest CH4 and
biogas production yield of 6610.2 and 1,23, 55 mL, respectively, were achieved using the
co-feedstock of manure and lettuce leaves.

A state-wise surplus crop residue biomass potential in India is illustrated in
Figure 5 [58]. As shown in the Figure, Uttar Pradesh produces the largest amount of
surplus residues (40 MT) followed by Maharashtra (31 MT) and Punjab (28 MT), which can
be used for bioenergy production. As suggested by the previous literature, the state ranking
ranges from the lowest in western Bengal (679 MJ to the highest in Punjab (16,840 MJ) [58].

 

Figure 5. State-wise surplus crop residue biomass potential in India [58].
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4.5.1. Case Study of Generation of Electricity from Agricultural Residues

The Jalkheri, Fatehgarh Sahib District thermal plant is the first plant in India using
bioenergy sourced from agricultural and forestry residues [5]. The plant uses rice husk,
wood chips, and stalks from different crops, such as paddy, wheat, etc. In June 1992, Bharat
Heavy Electricals Limited (BHEL) commissioned this plant to use rice straw at the cost of
Rs. 47.2 crores from Punjab State Electricity Board (PSEB). Originally, some of the teething
problems were investigated by small-scale experiments, and a process of 10 MW was
realized by modifications of an existing boiler to accept biological feedstocks like rice husk,
wood chips, etc. The plant was leased and run on a sustainable basis in its full capacity
of 10 MW. The Punjab Biomass Power, Bermaco Energy, Archean Granites and Gammon
Infrastructure Projects Limited in Punjab have also built another 10–15 MW agricultural
waste power plant. The plant uses local farm wastes, including rice paw and sugar cane
bagasse. The annual total biomass consumption is approximately 120,000 tonnes of biomass
obtained from that region. Punjab annually produces approximately 20–25 million tonnes
of rice straw, conventionally disposed of by burning. As the technology is developed, this
straw waste can now be used to generate electricity. The plant will provide 15,000 farmers
with additional income from supplying agricultural waste. The development of this plant
will be an important milestone for protecting the environment and creating new jobs and
revenues by turning farm waste into bioenergy or green electricity.

In contrast to other biomass to produce bioenergy, using crop residues for large-
scale production of bioenergy, there are several challenges to address with respect to both
efficiency and economy. For instance, crop residues commonly contain a high content
of alkaline ash which would pose operating issues (corrosion and deposition) in boilers
for electricity generation. Cost-wise, since the crop residues are bulky, so the feedstock
transportation and processing (crushing/pelletizing) costs would be high for centralized
large-scale power plants. While it might not make it profitable for large bioenergy plants
fuelled by crop residue, it can be adopted as small-scale energy suppliers for households
and smaller communities. For instance, digestive biogas can be easily used as a bioenergy
source for households.

4.5.2. Shortcomings and Ways to Overcome Them

Although there is a rapidly increasing trend to use wheat, rice husk for energy [59],
biomass transport is among the main costs for energy use due to its bulky nature. To address
this shortcoming, decentralized energy systems could offer a chance to use biomass to meet
local demands for heat and electricity. For instance, rice husk can be used within the rice
mill to some extent for energy, thereby reducing the total energy consumption of the entire
plant. Rice millers may preferably sell the husk to a power plant operator. Energy suppliers
may manage their own rice millers to supply the husk for power generation. A new trend
can be that the rice millers themselves produce electricity and then sell electricity to a grid.

As mentioned previously, crop residue’s transport costs are a significant constraint in
its use as a source of bioenergy. Transport distances farer than 25–50 km are usually not
cost-effective, depending on the local infrastructure. For large scale applications, straw
can be packed in the field into bales or briquettes, making transportation more viable to
the power generation site. The logistics of a supply chain for straw, although complicated,
should be established for large-scale applications of crop residues for bioenergy generation.

5. Government Support and Policies

India is a country rich in legislation concerning pollution. Scientists, engineers, envi-
ronmentalists, and government officials are also aware of the harmful consequences of the
practice of stubble burning of agricultural residues on human health, soil, soil fertility and
the environment. There are 11 major pollution control laws in India and many different
regulations for implementation of these laws [60]. However, in order to avoid the burning
of the straw, Section 144 of the Code is called upon by the Government to prohibit paddy
burning but is difficult to implement, likely due to insufficient efforts having been made
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to increase the awareness of farmers about the serious impacts of stubble burning prac-
tices [19]. Nevertheless, the government must play more active roles in implementing all
measures or practices planned or suggested by the various government or non-government
groups, environmental scientists, and activists at the ground level in order to put an end to
this damaging activity of stubble burning.

5.1. Steps Were Taken by the Government

Instead of working on solutions, the government has not even come out with the
final version of its much-touted National Clean Air Plan (NCLAP) yet. The present Prime
Minister of India, Narendra Modi and his cabinet ministers signed off on the plan in early
2018. The expenditure is far less than the $600 million per year that National Institution
for Transforming India (NITI Aayog), a government policy advisory group, had initially
proposed to the government. As per the proposed plan, money will be given to growers
in three states bordering Delhi–Punjab, Haryana, and Uttar Pradesh to subsidize 80% of
the cost of machinery for extracting crop residues from the fields, so as to avoid burning.
Farmers are welcoming the plan since most of them cannot afford the machinery on their
own. While this is an important step, it will depend on how quickly the scheme is rolled
out at a scale that can make a difference. Other proposals put forward to deal with the
stubble include purchasing crop residue by the state electricity company NTPC as a fuel in
its coal-fired power stations.

5.2. Potential Future Strategies

(1) Providing farmers with incentives not to burn crop residue outdoors.
(2) Facilitation of maximum land cover using agricultural conservation practices.
(3) Promoting the sustainable, environmentally friendly, and cost-effective use of surplus

crop residues for generating bioenergy in power plants.
(4) Crop residues should be classed as recycled fertilizers, and their use as fertilizers or

amendments should receive government support.
(5) Increasing subsidy rates for farmers who retain and utilize their crop residues.
(6) There should not be free power as the same policy has resulted in the installation of

high-powered tube wells that draw water from deep within the earth.
(7) Promoting in situ management of crop residues by fast decay by chemical or biological

means and mulching by mechanical means.
(8) Promoting the use of machines such as double disks, zero tillage and happy seeders.
(9) Valorization of crop residues for useful products, for example, compost, organic

manure and biochar as a renewable fuel for power generation or as a soil amendment
to improve soil health and fertility.

(10) Increasing the awareness of farmers on the serious impacts of the open field burning
practice.

6. Discussion

Considering the detrimental influence of the lack of proper management practice, the
Indian Government should advise farmers on alternative solutions to open field burning of
crop residues, in order to reduce the toxic clouds over Delhi at the very least. For instance,
to stop burning stubble altogether, many farmers from Punjab are pleased with the Happy
Seeder, a system that can seed crops while minimizing stubble burning.

In fact, none of the alternative methods to open burning are perfect, but it is still note-
worthy to implement them in a proper way considering geographic location, transportation,
economic feasibility, etc.

When used as feedstock for livestock, bioenergy, and industrial raw materials, crop
residues will be a bioresource of a higher economic value. However, in some regions com-
plications in crop residue management remain diverse. The government should promote
and provide alternatives in order to stop stubble burning, but simply legally prohibiting
incineration of crop residues may not be successful because farmers do not have proper
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information about its consequences on soil, human, and animal health. Although farmers
are aware of the adverse effects of paddy stroke on the farm, these are limited by the lack
of economically viable and acceptable machinery and options for paddy residue disposal.
Nevertheless, alternatives should be promoted, such as gasification of crop residues for
fueling boilers, transformation into briquettes, etc. Other alternative management methods
such as using Happy Seeder, zero-till machine, dual disc coulters, straw choppers, and
agricultural conservation activities are also promising, as they could reduce the stubble
burning in the rotation of rice-wheat. Encouraging organic recycling practices will reduce
air pollution and convert wastes into resources, while machinery availability is currently
the major obstacle for this management method and the other obstacle is lack of crop
residue-fueled power plants.

Very recently, D’Adamo et al. [61,62] compared the status and performance of the
EU countries in the bio-economy and circular economy and assessed them using a new
socio-economic indicator for the bio-economy (SEIB), and performed a techno-economic
analysis on integration of an effective management of renewable energy and municipal
organic wastes. They demonstrated that the transformation of municipal organic waste
into clean bio-energy, particularly through the generation of bio-methane, would close
the loop and help societies make progress toward becoming circular economies, which
can contribute to decarbonizing the transport sector. We believe that the results of their
analyses may be applicable not only for utilization of municipal organic wastes but also
agricultural wastes that are currently under-utilized but being disposed of by stubble
burning in India as well as in many other Asian countries.

Although many alternative treatment methods have been developed and proven to be
helpful for preventing the mismanagement of crop residues to some extent, the following
practices are still recommended: (i) social awareness needs to be strengthened regarding
the detrimental effects of open burning of agricultural residue; (ii) conservation agriculture
techniques to maximize land cover need to be implemented; (iii) the conversion of crop
residue into biofuels, thereby enhancing air and soil quality and halting greenhouse gas
emissions, needs to be promoted; (iv) methods of in situ decomposition of crop residue by
using chemical, biological, and mechanical approaches should be developed.

7. Conclusions

Undoubtedly, the lack of proper management of abundant crop residue has had an
adverse influence on the environment and human health not only in India but also in the
world. Agricultural field burning has created many environmental problems, particularly
causing a threat to the soil fertility and the emission of toxic gases such as CO2, CO, SO2,
PM2.5 and PM10. Consequently, a variety of alternative approaches should be considered
as substitutes for open field burning, e.g., in situ incorporation, mulching, composting,
Happy Seeder machines, and bioenergy use. In conclusion, this article provides an overall
understanding of the adverse impacts of open burning of crop residues in terms of ecology
and environment and more promising alternative management practices for the crop
residues, which, if widely employed, could not only reduce the environmental impacts of
crop residue management, but generate additional value for the agricultural sector globally.
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Abstract: For every nine tons of produced biodiesel, there is another ton of glycerol as a byproduct.
Therefore, glycerol prices dropped significantly worldwide in recent years; the more significant
biodiesel production is, the more glycerol exists as a byproduct. glycerol prices also impact the
biodiesel manufacturing business, as it could be sold according to its refinement grade. The primary
objective of this work was to evaluate the economic potential of the production of 1,2-propanediol
derived from the biodiesel produced in Colombia. A plant to produce 1,2-propanediol via catalytic
hydrogenation of glycerol in a trickle-bed reactor was designed. The plant comprised a reaction
scheme where non-converted excess hydrogen was recycled, and the heat generated in the reactor was
recovered. The reactor effluent was sent to a separation train where 98% m/m purity 1,2-propanediol
was attained. Capital and operational costs were estimated from the process simulation. The net
present value (NPV) and the modified internal return rate (MIRR) of the plant were used to assess
the viability of the process. Their sensitivity to key input variables was evaluated to find the viability
limits of the project. The economic potential of the 1,2-propanediol was calculated in USD 1.2/kg; for
the base case, the NPV and the MIRR were USD 54.805 million and 22.56%, respectively, showing
that, for moderate variations in products and raw material prices, the process is economically viable.

Keywords: 1,2 propanediol; biodiesel; glycerol as a byproduct; Colombia case-study; trickle-bed reactor

1. Introduction

The current models of production and consumption are affecting the world, producing
inequality and environmental damage. Studies show that the increment of biobased
products is more effective in the reduction of greenhouse gases (GHG) [1,2]; moreover,
using an alternative to fossil resource that fulfills the same technical requirements as its
fossil counterpart is defined as adding value [1]. Biodiesel is an attractive added value
bioresource. Since it is carbon-neutral and compatible with the petroleum-based fuel
supply infrastructure, it can reduce the transport sector’s greenhouse gas (GHG) emission,
estimated as 15% of the total GHG emissions [3].

Developing countries such as Colombia implemented laws such as 693 from 2001
and 939 from 2004, which ruled blends between biofuels as well as gasoline and biofuels
mixtures for diesel engines; these laws promoted new business opening in bioethanol and
biodiesel production enterprises. As of today, Colombia’s biodiesel production capacity
is estimated at 591 tons per year. Between 2009 and 2013, Colombia’s biodiesel produc-
tion grew 197.1%. An increasing biodiesel production trend across the globe was also
observed [4], but its negative impact on markets such as glycerol was evident.

Biodiesel production is commonly done via catalyst-based transesterification. In this
type of reaction, for every 9 tons of produced biodiesel, there is another ton of glycerol as a
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byproduct [5]; therefore, glycerol prices dropped significantly worldwide [6]. The larger
the biodiesel production is, the more glycerol there is as a byproduct. Lower glycerol prices
also impact biodiesel production, as it could be sold depending on its refinement [7,8].
The opportunity to make biodiesel production plants more profitable by generating added
value products using glycerol as a raw material source would impact the biofuels market,
making it nearly as profitable as Petro fuels [9]. Increasing the availability of carbon-
neutral commodity chemicals and contributing to the implementation of circular economy
biorefineries [1].

Glycerol can be used to obtain several commodity chemicals, especially but not
exclusively by chemo-catalytic methods [10–12]. Glycerol can be catalytically oxidized
using Pd, Pt, and Au as catalysts to obtain dihydroxyacetone (DHA) [13,14], hydroxypyruic
acid (HYPA) [14], and glyceraldehyde (GLYALD) [15,16], which can serve as final products
or intermediaries to other commodity chemicals such as formic acid and lactic acid [11].
It can also be dehydrated to obtain acrolein, a chemical intermediate to produce acrylic
acid esters and polymers [17]. In the presence of metallic catalysts and hydrogen, the
selective hydrogenolysis of glycerol can also be carried on producing 1,2-propanediol [18]
or 1,3-propanediol [19,20].

The 1,2-propanediol is one of the most promising platform chemicals, as it is a raw
material for polyester unsaturated resins, a solvent, an antifreeze agent, and an additive in
food and cosmetics [18,21,22]. As shown in [8], the calculated sales price/total production
cost ratio of 1,2-propanediol is 1.57, making it a high added value product compared with
acrolein (1.34) and PHB (1.42). Therefore, the production of 1,2-propanediol from glycerol
derived from biodiesels production would add value to the biodiesel production chain and
become an alternative source of carbon-neutral commodity chemicals for several industries.
It would to some degree, reduce the carbon footprint of well-established processes that are
already buying petroleum-derived 1,2 propanediol in Colombia.

This work is the technical and the economic analysis of a 1,2-propanediol production
plant that uses glycerol, a byproduct of Colombian biodiesel’s production. Technological
aspects such as reaction technology selection, separation train design, and non-converted re-
actants recycle are addressed, while their impact on the process capital and the operational
cost is calculated.

2. Materials and Methods

2.1. Raw Materials and Products
2.1.1. Glycerol

The (1,2,3-propanetriol) can be found as a component of different fatty acids, which
are present naturally, forming triglycerides. At least 10% of total fatty acids are glycerol.
Glycerol is found on many industrial products, and it is practically on almost every modern
day life product. Figure 1 shows the consumption proportion from different industries
regarding glycerol as raw material. Therefore, the glycerol market is vast, and it can be
purchased at different concentrations or grades. The glycerin obtained from the biodiesel
production line is called raw glycerin. It can be refined to reach United States Pharmacopeia
(USP) standards or the Food Chemical Codex (FCC) standards for pharmaceutical or food
industry products.

Raw glycerin composition is rich in methanol, water (12% max), soaps, and 80% to 88%
glycerol. On technical grade commercially traded items, glycerin is a clear liquid substance
with a 98% minimum glycerol content, and no water, methanol, or salts are expected to be
present. USP glycerin is a highly refined substance that complies with the USP standards
monitored and controlled by the United States Food and Drugs Administration (FDA) (SRS
Engineering, 2013).
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Figure 1. Glycerol consumption distribution (%) [21].

2.1.2. Hydrogen

Hydrogen worldwide production is as high as 54 million tons. In total, 95% of the
total output comes from production facilities that use it as raw material in their production
lines. Only 5% is sold but only to nearby facilities [22]. Most of the hydrogen also comes
from fossils fuels such as natural gas. However, production processes are already tested to
obtain hydrogen from biomass [23].

2.1.3. 1,2-Propanediol

Additionally, known as propylene glycol, it has a market value estimated at 1.58 million
tons per year. It is the primary raw material on the polyester unsaturated resin manu-
facturing business used in construction and transport companies. At least 75% of total
polyester unsaturated resins are reinforced with fiberglass and substances to reinforce
plastics, making them highly resistant and light-weight [24]. Propylene glycol is also
used as a solvent in anti-freezing industry, freezing media in the food industry, and even
polyglycol industry responsible for the hydraulic braking systems industry. Recent studies
indicated the rising concerns on ethylene glycol and its toxicity; therefore, a rise in the
propylene glycol demand as a substitute for ethylene glycol could be expected.

2.2. Glycerol Catalytic Conversion to 1,2-Propanediol

Glycerol is the primary raw material for 1,2-propanediol, ethylene glycol, and other
sub-products such as lactic acid, acetol, and prop-2-enal as well as degradation products
such as methanol and carbon dioxide, methane, and propanol [25]. The dehydration–
hydrogenation reaction seen in Figure 2 was achieved in the presence of Cu-based cata-
lysts [26–28]. In [29], two adsorption sites were assumed in the reaction mechanism, and
a Langmuir–Hinshelwood kinetics was proposed. Therefore, for the reactor design, the
kinetic model expressed by Equations (1) and (2) extracted from [28] was used.

r1 =
k1bGCG

1 + bGcG + bAcA + bPcP
(1)

r2 =
k1bAcAbH PH

(1 + bGcG + bAcA + bPcP)
(
1 +

√
bH PH

)2 (2)

where r1 is the acetol formation rate, r2 is 1,2-propanediol formation rate, c is molar
concentration, b the adsorption constant, PH is hydrogen pressure, and the sub-indexes A,
G, P, and H stand for acetol, glycerol, 1,2-propanediol, and hydrogen, respectively. The
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reaction and the adsorption constants were modeled according to Equations (3) and (4),
and the parameters of Table 1 obtained in [28] were used.

ki = k0
i exp

[
− Ei

RgT

]
, i = 1, 2, . . . , (3)

bj = b0
i exp

[
− Qj

RgT

]
, j = A, G, P, H (4)

Figure 2. Two-step mechanism proposed by Dasari et al. [25].

Table 1. Kinetics parameters from Zhou et al. [28].

Parameter Pre-Exponential Activation Energy

k1 1.54 × 104 86.56
k2 7.16 × 103 57.8
bA 2.22 × 10−3 36.42
bG 8.73 × 10−3 25.94
bP 5.8 × 10−3 25.77
bH 1.86 × 10−5 36.24

Table 1 constants ki and bi are based on
(
mol · g−1 · s−1) and

(
m3 mol−1

)
, respec-

tively, bh is on MPa−1, and the activation energy is on kJ/mol. These constants were
experimentally obtained for a Cu-ZnO-Al2O3 catalyst on a 1:1:0.5 molar proportion and
a 0.17 mm particle size by Zhou et al. [28]. The selectivities used in the present for these
reaction conditions were 93.4% for 1,2-propanediol, 1.2% for acetol, 2.7% for ethylene
glycol, and 2.7% for other compounds such as methanol, ethanol, and propanol [28].

2.3. Reactor Technology Selection and Design

There is a significant industrial background for the trickle bed reactor (TBR) tech-
nology for hydrogenolysis, hydrodesulfurization, hydrocracking, and hydro-refinery
processes [30,31]. Therefore, this reactor type was selected as the most suitable technology
to obtain 1,2-propanediol. The reactor operates using a liquid and gas phase percolation
through a fixed catalytic bed on a co-current operation (ideal operation is assumed). Thus,
the gaseous phase is the continuous one, while the liquid phase creates a thin film that
descends and covers the surface of the catalyst particles. This kind of reactor enables
continuous operation, high pressure operating conditions, and a more considerable length
to diameter (L/D) ratio.

Conversely, low mass transfer coefficients limit the reaction process as the catalyst gets
partially covered with the liquid [31]. The reactor was simulated with the RStoic model in
Aspen Plus using the selectivity mentioned above, operating adiabatically at 5 MPa and
an outlet temperature of 243.588 ◦C. The calculations of the mass transfer limitations and
the reactor sizing were done using Matlab® with the methodologies developed in [31,32].
For the solution of the model presented in Equations (5) and (6), catalysts deactivation
mechanism was assumed (coke formation) as 14 h according to [33].

dFG
dx

= ηCEρc(1 − εB)r1 (5)

dFp

dx
= [ηCEr2 + (1 − ηCE)\r∗2 ]ρc(1 − εB) (6)
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where FP, and FG are the 1,2-propanediol, glycerol mole flows inside the reactor, ηCE is the
wetting of the catalyst surface calculated as in [31], and εB is the bed voidage calculated for
the HIFUEL W220 [34] from Alfa Aesar, which is the commercially available catalyst more
similar to what is described in [28].

2.4. Design and Simulation Methodology and Considerations

The economic analysis for the 1,2-propanediol produced from biodiesel’s glycerol and
the conceptual process design were performed using Aspen Plus and Aspen Economic
Analyzer software. The thermodynamic model used for liquid phase simulation was
non-random two liquids [35], and for the gas phase, the Redlich–Kwong model [36].

The process comprises two stages—the reaction and the heat recovery stages—where
the glycerol is converted, the excess hydrogen is recovered, and the purification stage
occurs, where the 1,2 propanediol is recovered with 99% purity.

The reaction and heat recovery process diagram is shown in Figure 3. The outlet
temperatures on heat exchangers HX1 and HX2 were optimized to reach the maximum
energy recovery. Feeding proportion rates between glycerol and hydrogen were set to 5:1 as
suggested in the literature to achieve the 1,2-propanediol formation [25] successfully. As the
hydrogen proportion is five times larger than glycerol, considering that the stoichiometric
ratio is 1:1, the excess of hydrogen must be recycled. Therefore, the reaction process design
considered heat exchangers and flash separators to recover a fraction of the heat generated
during the reaction step and use it as heating media on the reactor’s inlet stream. A
stoichiometric reactor was selected for the simulation, assuming 100% glycerol conversion
and the selectivity mentioned earlier.

Figure 3. Reaction process flow diagram.

As the reactor effluent was rich in excess hydrogen, successive cooling and condensate
recovery in flashes 1, 2, 3, and 4 allowed the recovery of the excess hydrogen that was
recirculated and combined with the fresh feed. The reactor scheme was designed using a
hierarchical approach [37,38] combined with optimization of key temperatures [39,40] to
achieve an effective recovery of the heat generated in the reactor.

Figure 4 illustrates the distillation process. After the reaction process step was com-
pleted, hydrogen traced, and the other two most volatile compounds were removed from
reaction products at the first distillation tower. In the next distillation tower, the lightest
compounds such as acetol and propanol were separated from ethylene glycol. However, as
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1,2-propanediol has a mid-boiling point, thus it could be found at both the top of the distil-
lation tower (stream 7) and the bottom of the distillation tower (stream 6). In order to refine
1,2-propanediol up to 99% purity, it was necessary to take stream 7 to a distillation tower
where volatile compounds such as acetol were separated from 1,2-propanediol, which came
out of the bottom of the distillation tower. Stream 6 was also taken to a 65 stages distillation
tower to isolate ethylene glycol from 1,2-propanediol; in this step, 1,2-propanediol came
out of the top of the distillation tower. Both streams were then mixed and then cooled to
25 C in stream 8 to reach 99% purity.

Figure 4. Separation process.

Distillation was first designed using the Winn-Underwood-Gilliland equations, which
are included on the DSTWU unit from Aspen Plus. Once the initial design parameters
were estimated, the RadFrac module from Aspen Plus was used, and the parameters
were adjusted to fulfill the design specifications more precisely. The distillation train
was designed based on non-sharp distillations to separate the ethylene glycol and the
1,2-propanediol which have close boiling points [41,42].

Production Rate Based on the Colombia Case Study

A private association in Colombia in which some of its primary responsibilities in-
clude the national alcohol sustainable production supporting, enabling, and designing the
regulations required for biofuels production and usage. This federation is called Fedebio-
combustibles; according to them, biodiesel production during 2017 was 460.121 tons [43].
As stated earlier, for every 9 kg of produced biodiesel, another kilogram of glycerol is pro-
duced. Thus, an average production of 4.260 tons of glycerol every month was estimated.
In this paper, it is assumed as a calculation base that 3.924 kg/h of glycerol will enter our
reaction process.

Another critical assumption is the glycerol quality, which was selected as raw glycerin.
After the preliminary isolation and purification process, salts and other compounds are
separated from our inlet stream, leaving 84% glycerol, 1% methanol, and 14% water as
total stream composition. Hydrogen comes as a pure gas from an available storage tank at
1.000 psi of pressure, and the hydrogen pressure must be reduced as low as 734.8 psi via
turbo expansion [28].
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2.5. Economic Analysis Methodology and Considerations

Economic analysis was done based on material and energy balances from process
simulation for a plant that processes 3.924 kg/h of glycerol to produce 2514.84 kg/h of
1,2-propanediol. Aspen economic analyzer was selected as the calculation engine. Initial
parameters fed to the software were aligned with Colombia’s economic benchmarks using
US dollars as reference coin and a 10-year operation period, with 52 weeks/year and
24 h/day. An annual interest rate of 17%, straight-line depreciation, and a 34% tax rate
were also considered to model project economics outcomes. Labor costs of USD 2.14/h
for the operator’s labor time and USD 4.29/h for supervisors were used. Power cost was
estimated at USD 0.03044/kWh, and other utilities such as water (USD 1.252/m3) and
low-pressure steam (USD 8.18/ton) were also included [8,44]. A glycerin cost of USD
0.2/kg and a hydrogen cost at 1000 psi of USD 2/kg were selected as the base case for
calculations. USD 1.54/kg for the 1,2-propanediol price was assumed considering historical
data presented in [45] and information from local importers in private communications.

The economic assessment of the process was performed based upon the concept
of money time value under the discounted cash flow (DCF) methodology [1,46]. Based
on this methodology, the net present value (NPV) and the modified internal return rate
(MIRR) were selected as the plant’s profitability indices. The following models were used
to calculate the profitability indices:

NPV = ∑n
t=0

Ct

(1 + r)t (7)

MIRR =

(
FV
PV

) 1
t − 1 (8)

where Ct is the net cash flow, r is the discount rate, FV is the future value of the cash
flows at the reinvestment rate, PV is the present value of the negative cash flows at the
finance rate, t is the period, and n is the number of periods of the analysis. The economic
analysis was performed based on the variation of the net present value (NPV) and the
modified internal return rate (MIRR) with the baseline prices of glycerin, hydrogen, and
1,2-propanediol. The catalyst price was estimated fixed at USD 95/kg, yet the refresh rate
of the catalyst and its regeneration remain uncertain, and most of the consulted studies are
still in early stages [18,33,47,48] for the specific reaction; therefore, the refresh rate of the
catalysts was introduced as an input variable to calculate the viability of the project.

3. Results

As a result of applying the methodology, the plant simulations were followed by an
optimization procedure to adjust the system to design specifications. The data obtained
from the plant simulation economic analysis revealed the economic potential of the process
and its sensitivity to relevant input variables. The lack of information impeded the catalysts’
deactivation simulation; therefore, the catalyst refresh rate was added as an economic input
variable, and the plant’s NPV was analyzed.

3.1. Reactor Design

With the same methodology used in [31,32], the total catalyst required to reach a
100% conversion was calculated. Equations (1)–(4) with the parameters reported in Table 1
were used as the trickle bed reactors’ kinetic model described by differential Equations (5)
and (6). Figure 5 shows the results from the simulation used to design the reactor, where
3700 kg was calculated as the necessary mass of catalysts to carry on the reaction.
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Figure 5. Catalyst’s mass required to reach 100% glycerol conversion.

3.2. Simulation and Design Results

Table 2 shows process stream compositions and temperatures for the simulated pro-
cess. It was observed that, even though the distillation system includes four distillation
towers, stream 8, which is the final product stream, had a 99% mass fraction for 1,2-
propanediol but still had a 1% mass fraction of ethylene glycol.

Table 2. Simulation results for Figures 3 and 4 flowsheets.

Parameter
Streams *

1 2 3 4 5 6 7 8

Mass Flow (kg/h) 87.62 3924.00 411.91 4335.91 3997.72 2433.55 206.59 2514.84
Temperature (◦C) 25.00 25.00 200.00 243.59 176.35 187.42 130.28 25.00

Pressure (bar) 68.95 1.00 49.78 50.00 50.00 1.00 1.00 1.00
Vapor Frac. 1.00 0.00 1.00 0.89 0.00 0.00 0.00 0.00

Mass Fraction

1,2-Propanediol 0 0 0.00009 0.58685 0.63638 0.97500 0.80418 0.98885
Ethylene glycol 0 0 0 0.01383 0.01500 0.02373 0.01060 0.00897

Acetol 0 0 0.00007 0.00734 0.00791 0.00127 0.08766 0.00218
1-Popanol 0 0 0.00291 0.01516 0.01447 1.17766 × 10−9 0.00098 1.87134 × 10−9

Water 0 0.15 0.01548 0.29239 0.30863 2.00252 × 10−7 0.09631 5.00583 × 10−7

H2 1 0 0.97673 0.06631 6.64086 × 10−5 0 0 0
Methanol 0 0.01 0.00472 0.01811 0.01754 2.5741 × 10−12 0.00028 7.1212 × 10−12

glycerol 0 0.84 0 0 0 0 0 0
Cost $/hr 96.58102 502.9981

* The stream numbers correspond to Figures 3 and 4.

3.3. Estimated Capital Cost

The total project cost of capital was USD 15,456,582.64, out of which USD 6,757,832
were associated with direct cost and can be seen in Table 3, USD 1,796,000 were related
to indirect construction and installation cost, and USD 7,094,051 were administrative and
non-field costs. The total cost included process unit procurement and installation costs,
instrumentation, pipelines, steel procurement, civil and electrical works, and isolation
where required.
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Table 3. Detailed direct costs of the plant in USD.

Labor Cost Mat Cost Total Cost

Equipment 135,772.95 2,573,980.00 2,709,752.95
Piping 477,683.95 333,634.47 811,318.42
Civil 104,195.42 140,486.82 244,682.24
Steel 16,730.19 94,990.92 111,721.11

Instruments 286,258.38 1,162,905.89 1,449,164.27
Electrical 129,173.18 973,076.62 1,102,249.80
Insulation 138,412.94 125,151.70 263,564.64

Paint 47,330.64 18,047.51 65,378.15
Total Direct Field Costs 1,335,557.65 5,422,273.92 6,757,831.58

Table 4 shows the cost of all the process equipment in the plant. As expected, the
most expensive fixed costs were the reactor (including catalyst) and the distillation train.
Nevertheless, the catalyst was not a fixed cost, as it must be refreshed periodically. The
catalyst’s stability was a concern, as it is a key factor for the plant’s operation.

Table 4. Process equipment, as labeled in Figures 3 and 4, cost in USD.

Total Direct Cost Equipment Cost Total Direct Cost Equipment Cost

Heater 1 48,300.00 10,000.00 Distillation Tower 1 456,100.00 94,400.00
Heater 2 53,300.00 11,900.00 Distillation Tower 2 430,000.00 81,400.00

HX 1 60,200.00 12,400.00 Distillation Tower 3 2,110,200.00 1,500,100.00
HX 2 55,400.00 10,500.00 Distillation Tower 4 397,500.00 92,600.00
HX 3 76,300.00 12,500.00 Cooler 64,400.00 13,600.00

Flash 1 123,300.00 32,300.00 Turbine 183,100.00 92,600.00
Flash 2 109,600.00 32,300.00 Pump 90,700.00 54,900.00
Flash 3 121,900.00 32,300.00 Reactor 140,900.00 32,300.00
Flash 4 121,700.00 32,300.00 Catalyst 362,700.00 349,280.00

3.4. Estimated Profit and Operational Cost

Operational cost reached USD 10,002,707.23/year; raw materials, operational la-
bor, utilities, and general and administrative costs were also included in the income
statement calculation.

As it can be observed in Table 5, raw materials were as high as 85.73% of the total
operating cost.

Table 5. Manufacturing unit operational cost.

Cost Items Annual Cost (USD) Cost Contribution

Raw materials 8,575,486.53 85.3%
Labor 72,735.30 0.73%

Maintenance 202,631.90 2.03%
Utilities 255,044.79 2.55%

Operating charges 18,183.83 0.18%
Plant Overhead 137,683.60 1.38%

Administrative cost 740,941.28 7.41%

Due to the heat recovery proposed early in the design phase, fluid services cost was
lower than administrative cost. If the total production was sold, the net income could
reach USD 38,490,503.50/year, enough to cover the cost of capital by two. 1,2 Propanediol
economic potential was calculated at USD 1.2/kg.

Table 6 shows the cost of heating and cooling in the exchangers of the plant. A
factor that allowed us to diminish the heating utility expenses recycled the heat generated
in the reactor, which was recovered using HX1 and HX2 with a combined heat duty of
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400.1052 kJ/s. The cooling water mass flow was 406,604.837 kg/h, and the steam flow was
5665.7344 kg/h for the heat duties reported in Table 6.

Table 6. Heating and Cooling duty of the plant.

Total heating duty kJ/s 2744.6214
Total cooling duty kJ/s 2336.7594

Net duty (Total heating duty—Total cooling duty) kJ/s 407.8620
Total heating cost flow US $/h 24.0990
Total cooling cost flow US $/h 1.7834

Net cost (Total heating cost + Total cooling cost) US $/h 25.8824

3.5. Sensitivity Analysis

The economic viability of the project is dependent on the cash flow of the plant.
The net present value (NPV) of the project is sensitive to economic changes such as the
variability of the raw materials cost and the product’s sales price. For the base raw material
costs and product price, the NPV of the project for a 10-year period is USD 54,805 million,
and the modified internal rate of return (MIRR) was 22.56%.

Figures 6 and 7 show the variations of the NPV and the MIRR as raw materials prices
varied from the baseline case established in Section 2.5.

Figure 6. Sensitivity analysis for the NPV of the project as the raw material cost varies.
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Figure 7. Sensitivity analysis for the MIRR of the project as the raw material cost varies.

Figure 8 shows the sensitivity of the project to the sales price of the product. The
actual price of 1,2-propanediol allowed the project to be profitable, yet the project was most
sensitive to the high prices of the product. The MIRR presented a nonlinear variation with
the product price, which was not observed with the raw materials.

Figure 8. Sensitivity analysis for NPV and MIRR of the project as the sales price of 1,2-propanediol varies.

67



Energies 2021, 14, 5081

Figure 9 shows how the NPV varies as the catalysts must be replaced as it deactivates.
The deactivation amount is expressed in spent catalyst per year/reactor’s catalyst capacity.

Figure 9. Sensitivity analysis for the catalysts refresh rate.

4. Discussion

This work explored a promising way to take advantage of the residual glycerol from
biodiesel production based on the Colombian industrial context. The conceptual design
and the economic analysis of the production of 1,2-propanediol were performed without
neglecting the byproduct formation. As a result, a small ethylene glycol fraction was
formed. Its higher boiling point altered the distillation column train design strategy for
a non-sharp distillation, which resulted in efficient recovery of 1,2-propanediol. Conse-
quently, operational and capital costs would rise; this portrays a more realistic economic
analysis of the selected catalytic and the reaction technology in the separation train. With
all these considerations, the profit margin remains attractive for investment.

The reactor technology selection led to a three-phase reactor in which a complex mass
transfer process took place. Therefore, a much more complicated model was used for the
sizing of the reactor, leading to the calculation of a 3700 kg catalyst load, which would
allow a high conversion of glycerol, avoiding its presence in the separation train which
would raise the utility costs, as glycerol normal boiling point is 290 ◦C.

The high temperature of the reactor allowed the recovery of 400.1052 kJ/s used for
heating the inlet streams; this accounts for a 12% reduction in the heating costs compared to
the total heating duty of the plant without the thermal energy recycle. The excess hydrogen
required for the reaction to take place was recycled with high purity.

The capital cost estimation led to a USD 5,456,582.64 where the process equipment
cost account was 17%, and electrical, instrumentation, and piping costs were 21.8%. This
means that the initial investment was significant, and with a process start-up period of
20 weeks, the process reaches the equilibrium point after the second year.

Raw materials accounted for 85.73% of the operational costs, and all the plant’s income
was calculated based on the 1,2-propanediol as the only product. Therefore, these were
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the key input values for economic analysis. The net present value (NPV) measured the
economic potential and the risk of commercialization of the current process; the positive
NPV meant that the process was profitable. With a base NPV of USD 54.805 million for a
10-year period, the sensitivity analysis showed that the plant profitability depended on the
sale price of 1,2-propanediol followed by the glycerol cost, which highly depended on its
availability. The modified internal return rate MIRR assumed that any positive cash flow
was reinvested at the external rate of return, making this a more accurate way to measure
the viability of the project. As with NPV, the tendencies were the same; the plant was highly
dependent on the variability of the 1,2-propanediol price followed by the glycerol price.

A non-accounted factor during the design due to the lack of mathematical models was
the catalyst’s refresh and regeneration rates. In consequence, the impact of the catalyst’s
refresh rate was analyzed. In conclusion, the plant is not viable (NPV < 0) if the catalyst
has to be totally replaced every seven days, much less than expected of a commercial
catalyst. This factor highly affects the plant’s economy, and further research must be done
to establish its deactivation mechanism and exact cost.

5. Conclusions

The conceptual design and the economic analysis of a process are potent tools for
possible solutions to existing problems—in this case, the surplus glycerol produced by
the biodiesels industry in a country such as Colombia. Nevertheless, many assumptions
induce uncertainty to the result in this analysis. In this case, logistics costs analysis
was not considered, as there is not enough information to predict the distribution chain
of glycerol in the country, especially for a facility as big as the designed one, with the
country’s biodiesel production scattered across the territory. The availability of data on
the reaction also limits the reach of the predictions; most of the available kinetics were
obtained at a laboratory scale under particular conditions. Yet, an effort was made to use
the intrinsic kinetics combined with the mass transfer equations to dimension the reactor
as accurately as possible. Although the deactivation kinetics of the chosen Cu/Zn/Al2O3
is not available, it was possible to consider its economic effect on the plant. Accurate
calculations are possible, especially in the separation where most of the utilities are spent,
and, therefore, energetic predictions are considered reliable. The estimates of operational
costs, raw material prices, and product prices are also accurate, as they are done based on
the literature and well-known analysis methodologies and software.

With the above-mentioned limitations, the potential of the 1,2 Propanediol production
as an alternative for re-valuing raw glycerin is high, since the production costs and the
revenues exceed capital costs in the long term, even under moderate variations on feedstock
costs. In the short term, the project would start being profitable after the second year.
Since glycerol production is increasing worldwide, all alternatives should be considered
to produce added value processes that make the biodiesel refinery more profitable and
promote carbon-neutral alternatives to petroleum-derived products.
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Abstract: This study is the first work that evaluated the effectiveness of unmodified (SD) and modified
biochar with ammonium hydroxide (SD-NH2) derived from sawdust waste biomass as an additive
for biogas production from red algae Pterocladia capillacea either individually or in combination with
hematite α-Fe2O3 NPs. Brunauer, Emmett, and Teller, Fourier transform infrared, thermal gravimetric
analysis, X-ray diffraction, transmission electron microscopy, Raman, and a particle size analyzer
were used to characterize the generated biochars and the synthesized α-Fe2O3. Fourier transform
infrared (FTIR) measurements confirmed the formation of amino groups on the modified biochar
surface. The kinetic research demonstrated that both the modified Gompertz and logistic function
models fit the experimental data satisfactorily except for 150 SD-NH2 alone or in combination with
α-Fe2O3 at a concentration of 10 mg/L. The data suggested that adding unmodified biochar at doses
of 50 and 100 mg significantly increased biogas yield compared to untreated algae. The maximum
biogas generation (219 mL/g VS) was obtained when 100 mg of unmodified biochar was mixed with
10 mg of α-Fe2O3 in the inoculum.

Keywords: Pterocladia capillacea; biochar; sawdust; modified sawdust; α-Fe2O3 NPs; biogas

1. Introduction

In the recent decades, renewable energy has gained significance largely because of the
sources from which it comes [1,2]. Waste-to-energy technologies help process or dispose
of less waste while also generating electricity, encouraging the move away from fossil
fuels [1,2]. Biomass resources represent an opportunity for sustainable development in
bio-based industries, which encompass sectors as diverse as agriculture, food, bio-based
chemicals, bio-energy, bio-based textiles, and forestry [3]. In general, initial studies on
biomass for energy production have shown that it is a competitive fuel vs. fossil fuels and
has a dry matter calorific value of around 17–21 MJ/kg [4]. Biogas may be created from a
wide range of sources, as long as they contain organic material. Among these sources are
seaweeds, municipal sewage, manure, agricultural waste, and waste dumps [5,6]. The gas
composition may vary depending on the source, but methane will always be the significant
component [6]. Numerous studies have been conducted to optimize the anaerobic digestion
(AD) performance and energy efficiency of biogas-producing technologies to meet global
demand for a stable and clean energy source. For example, Europe was striving to achieve
one-fifth of renewable energy by 2020 by improving the energy efficiency of existing
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systems [1]. Given the nature of organic waste, various strategies for increasing the
digestibility of these waste materials have been identified, including co-digestion, pre-
treatments, and the use of carbonaceous additives to stimulate microbial activity and reduce
the inhibitory concentration of certain by-products [2–6]. El Nemr et al. [7] mentioned that
P. capillacea is a common marine biomaterial in the Mediterranean, where a considerable
amount is habituated on rocks on the coast and in shallow water each year, and it possesses
impressive metal adsorption properties. Hassaan et al. [8] also stated that P. capillacea is a
marine red alga in which the chlorophyll pigment phycoerythrin obscures the chlorophyll.
They are invariably multicellular and range from tiny to moderate size, with a hollow frond
with a cartilaginous texture.

Among the approaches mentioned above, carbonaceous additives are the most practi-
cable for commercial application, particularly in landfills, due to their simplicity and lack
of infrastructure modification [5,9,10]. Carbonaceous additions have been demonstrated
to be helpful due to their good effect on biogas generation, widespread availability, and
inexpensive application [10]. For example, activated carbon (AC) can be synthesized at a
low cost by steam activating char, a by-product of woody biomass gasification [11]. Nowa-
days, AC has been successfully used as an additive in AD to boost the process efficiency
in wastewater treatment plants [12,13]. Among the several technologies used to improve
biogas, AC has been identified as one of the most economically viable [13]. Biochar is a
carbon-rich substance that is formed when biomass is thermally decomposed in the ab-
sence of oxygen [14]. It is created in a variety of ways, including pyrolysis (300–700 ◦C; N2;
atmospheric pressure) and hydrothermal carbonization (170–250 ◦C; water above saturated
pressure) [14]. The amount of energy required to produce biochar varies according to the
type of biomass used. Around 160 MJ would be required for an efficient pyrolysis process
using the wood biomass employed in this investigation [15,16].

Recent studies have demonstrated that including biochar into the AD of food waste
improved the biogas output [17–19]. Sunyoto et al. [18] noticed a 41.6% increase in CH4
synthesis when they added pine sawdust biochar (generated at 650 ◦C) to AD of aqueous
carbohydrate food waste prepared from white bread. The addition of 8.3 g/L biochar to
food waste resulted in a higher methane yield (from 55 to 78%), whereas 33.3 g/L biochar
resulted in the lowest output. The biochar, it is claimed, increases the surface area available
for colonization by the AD’s microbial flora and functions as an adsorbent for chemicals
such as limonene and ammonia [20] that would otherwise hinder the AD’s performance.
Wang et al. [19] heated vermicompost-based biochar to 500 ◦C and reported that the biochar
worked as a buffer and boosted CH4 generation due to the inclusion of 15–20% (w/w)
biochar. Meyer-Kohlstock et al. [17] reported that addition of holm oak residue biochar
(produced at 650 ◦C) to municipal biowaste increased the CH4 production per kilogram of
organic dry matter (ODM) of 5% (257–272 NL/kgODM) with a biochar content of 5% (w/w)
and 3% (252–267 NL/kgODM) with a biochar content of 10% (w/w).

Iron nanoparticles can be utilized as an electron donor to convert carbon dioxide
(CO2) to CH4 [21], alter the type of hydrolysis fermentation, and increase the acetic acid
content [22–25]. Similarly, Farghali et al. [26] observed that adding 20 and 100 mg/L Fe2O3
NPs increased biogas and CH4 generation by 9 and 105%, respectively, compared to using
only cattle dung. Additionally, the addition of 20 and 100 mg/L Fe2O3 NPs resulted
in a 53.02 and 57.93% reduction in H2S, respectively. Hassanein et al. [27] discovered
that supplementing poultry litter with 100 mg/L Fe NPs (30.0 to 80.9 nm) and 15 mg/L
Fe3O4 NPs (94.3 to 400 nm) increased CH4 production by 29.1 and 27.5%, respectively, as
compared to poultry litter alone. Additionally, Yu et al. [28] discovered that adding 10 g/L
of Fe NPs (5–100 nm) enhances CH4 output from sludge by 46.1%. While Su et al. [29]
discovered that 0.10 wt % of Fe NPs (20 nm) boosts CH4 and biogas production from sludge
by 9.1 and 30.4%, respectively; this concentration of Fe NPs also significantly reduces H2S
production by 98%.

Rasapoora et al. [4] studied the effects of biochar and activated carbon on biogas
generation and the results showed that by using 20 g/L biochar, a significant increase
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occurred in the rate of AD for all types of biochar, as confirmed by the thermogravimetric
results. The physical properties of the additives, including electrical conductivity and
surface area, were found to influence only the rate of AD process and not the biogas
production yield [4]. Biochar showed more promising biogas generation results than
activated carbon due to its ability to adsorb ammonia nitrogen [4]. Wambugu et al. [5]
studied the role of biochar in anaerobic digestion-based biorefinery for food waste, and
the results showed that the biogas volume produced by the treatments with the brewery
residue hydrochar and treated waste wood pyrochar was lower than the amount of biogas
produced by the control with only food waste. These study results indicate that the type of
biochar and trace elements concentration in biochar plays a key role in determining the
effectiveness of the biochar in enhancing biogas production from food waste.

Biochar modification can enhance the properties associated with the porosity and
functional groups and has been identified as an effective way to improve adsorption
capacity [30]. The functional groups and surface charge of biochar mainly influence the
immobilization of heavy metals, which also depend upon environmental conditions and
the type of metals studied for remediation [31]. Recent research has been conducted to
determine the role of trace elements and unmodified biochar in the AD of food waste
in anaerobic systems, respectively. However, this research did not examine the impact
of biochar in conjunction with iron oxide nanoparticles in AD. Additionally, the role of
biochar in the continuing AD process has not been reported. Thus, this work aimed to:
(i) synthesize, characterize, and modify biochar; (ii) determine the potential of various
forms of biochar to increase biogas production, and (iii) determine the influence of biochar
in combination with α-Fe2O3 on biogas production. To the authors’ knowledge, this is
the first study to examine the influence of modified biochar by ammonification on the
production of biogas from algae, both singly and in combination with Fe2O3 NPs.

2. Materials and Methods

2.1. Collection of Red Algae P. capillacea

Red alga P. capillacea was obtained from the Mediterranean coast near Alexandria,
gently cleaned with water to eliminate contaminants, and washed multiple times with
distilled water and dried in an oven. P. capillacea was dried, processed, crushed to a particle
size of approximately 0.5 mm, and stored until usage. According to the literature [32,33],
the dry matter has been calculated. By ashing the ground dried samples overnight in a
muffle furnace at 550 ◦C, the ash content was measured. Carbon and nitrogen content was
determined from energy dispersive X-ray analysis.

2.2. Preparation of Unmodified and Modified Sawdust Raw Materials

The precursors used for the preparation of biochar was sawdust collected from an
Egyptian local wood carpentry workshop. It was rinsed numerous times using tap water.
Clean sawdust was dried in an oven at 105 ◦C and then ground and crushed. The crushed
sawdust was cooked in a refluxed system for 2 h using a Soxhlet containing 250 g in a
1000 mL solution of 50% H2SO4 (99.999%), then filtered and washed with distilled water
until the wash solution became neutral, followed by washing with ethanol. The final result
of biochar was dried at 70 ◦C and then weighed. Modified SD (SD-NH2) was prepared
by boiling the sawdust (25 g) for 2 h in a refluxed system utilizing a Soxhlet in a 100 mL
solution of 25% NH4OH (25%), followed by filtration and washing with distilled water
and ethanol. The final charcoal product was dried in an oven set to 70 ◦C [34,35]. H2SO4
and NH4OH were obtained from Aldrich Chemicals, Milwaukee, WI, USA.

2.3. Characterization and Measurement

The following techniques were used to characterize the samples of α-Fe2O3 NPs
and biochar: Fourier transform infrared (FTIR) spectroscopy (platinum ATR) model V-
100 VERTEX70, Germany, in the wavenumber range (400–4000 cm−1) with resolution
values of (4 cm−1) and 16 scan, X-ray diffractograms (XRD) using a Bruker Meas Srv (D2-
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208219)/D2-2082019 diffractometer operating at 30 kV, 10 mA with a Cu tube (λ = 1.54),
with a 2θ range of (5–80) for biochar and from (15–80) for α-Fe2O3. Individually, the
prepared green nanostructure α-Fe2O3 was characterized using Raman (the sample was
exposed to this beam for 1 s at a power of 10 mW and an aperture of 25 1000 mm; three
distinct points were measured, and displacement occurred between 100 and 1400 cm−1).
Transmission electron microscope (TEM) (JEOL, Model JSM 6360LA, Tokyo, Japan), and
PSA (the Malvern Mastersizer 3000 is a compact optical system that uses laser diffraction to
measure particle size distribution) were used. Thermal analyses of biochar were conducted
using SDT650-Simultaneous Thermal Analyzer equipment in the temperature range of
room temperature to 900 ◦C, with a ramping temperature of 5 ◦C per minute.

2.4. Inoculum and Substrates Preparation

Cow excrement was collected from a slaughterhouse in Alexandria, Egypt, sealed in a
plastic bag, and stored in a plastic box container until the next day. The cow excrement
was diluted 1:1 (w/v) with water.

2.5. Biogas Tests

Laboratory tests were conducted on reactors in similar digesters of cylindrical sy-
ringes [36–38]. The syringes were reversed directly onto the reactor lid [39]. A plastic
syringe was used to sample the fuel equipped with a three-way valve and re-injected into
the waste. In all tests, 100 mL glass syringes were applied. As feedstock, 1.5 g of milled
P. capillacea (dried weight) was used. In each syringe, 20 g (wet weight) of each manure
or activated sludge was applied to the untreated and treated P. capillacea. For 10 min,
the working volume was flushed with N2. For each anaerobic degradation set-up, three
replicates were performed. Until no apparent methane was produced, the inoculum was
pre-incubated for three days. At 37 ◦C with continuous shaking at 150 rpm, the digesters
were incubated. Table 1 offers an overview of the substrates used in batch experiments to
estimate the P. capillacea biogas yield.

Table 1. Overview of substrates and pretreatment processes used to estimate of the biogas yield of P. capillacea in batch experiments.

Experiment Pretreatment Incubation Temp. (◦C) I/S Ratio

Batch 1 Manure + algae untreated 37 ± 1 20:1.5

Batch 2 Manure + Algae (Fe 10 mg/L) 37 ± 1 20:1.5

Batch 3 Manure + Algae (SD 50 mg/L) 37 ± 1 20:1.5

Batch 4 Manure + Algae (SD 100 mg/L) 37 ± 1 20:1.5

Batch 5 Manure + Algae (SD 150 mg/L) 37 ± 1 20:1.5

Batch 6 Manure + Algae (SD 50 mg/L + Fe 10 mg/L) 37 ± 1 20:1.5

Batch 7 Manure + Algae (SD 100 mg/L + Fe 10 mg/L) 37 ± 1 20:1.5

Batch 8 Manure + Algae (SD 150 mg/L + Fe 10 mg/L) 37 ± 1 20:1.5

Batch 9 Manure + Algae (SD +NH2 50 mg/L) 37 ± 1 20:1.5

Batch 10 Manure + Algae (SD + NH2 100 mg/L) 37 ± 1 20:1.5

Batch 11 Manure + Algae (SD + NH2 150 mg/L) 37 ± 1 20:1.5

Batch 12 Manure + Algae (SD + NH2 50 mg/L + Fe 10 mg/L) 37 ± 1 20:1.5

Batch 13 Manure + Algae (SD + NH2 100 mg/L + Fe 10 mg/L) 37 ± 1 20:1.5

Batch 14 Manure + Algae (SD + NH2 150 mg/L + Fe 10 mg/L) 37 ± 1 20:1.5

2.6. Green Synthesis of α-Fe2O3 Nanoparticles

Twenty grams of dried P. capillacea was added to 1.5 L of water and cooked on a
hot plate for 20 min at 80 ◦C. Filtration and storage of the extract solution at 4 ◦C were
performed. Five grams of Fe(NO3)3.9H2O was dissolved in 30 mL P. capillacea extract and
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then diluted to 50 mL with distilled water in a beaker. After adding a 6M NaOH solution
dropwise to the stirring mixture at room temperature, the product was washed with water
and dried at 80 ◦C for 2 h before being calcified at 450 ◦C for 2 h [36,40,41].

2.7. Kinetics Study and Statistical Analysis

Numerous researchers have used the nonlinear regression models, and the modified
Gompertz and logistic function models. Equations (1) and (2) were applied to determine
the cumulative biogas production [42–44]. In order to compare the accuracy of the studied
models, (R2) was calculated using Excel 2010 methods and Origin 2020b.

M = Pb × exp
{
− exp

[
Rm.e

Pb
(λ− t) + 1

]}
(1)

M = Pb/((1 + exp {4.Rm.(λ − t))/pb + 2) (2)

3. Results

3.1. Chemical Compositions of P. capillacea

As shown in Table 2, the VS content of the investigated P. capillacea is 83.99%. Table 2
shows a C/N ratio of about 5.89%. The majority of the literature recommends a working
C/N ratio of between 20 and 30, with a maximum of 25, for anaerobic bacterial growth
in the AD system [45], which is still significantly higher than the measured value for
P. capillacea.

Table 2. The relative values of different substrates.

Proximate Tests P. capillacea Manure

DM% 83.97 80.67

Ash% 16.01 15.33

VS% 83.99 84.66

C% 40.02 48.95

N% 6.79 4.16

C/N 5.89 11.76

3.2. Characterization of Green α-Fe2O3 NPs
3.2.1. Fourier Transform Infrared Spectrum (FTIR)

The FTIR spectrum of hematite nanoparticles depicted in Figure 1 demonstrates a
series of absorption bands ranging from 400 to 900 cm−1. The Fe–O vibrational bands of
α-Fe2O3 are roughly 627, 580, and 485 cm−1 in this region [46–50]. The vibrational band at
977 cm−1 is due to longitudinal absorptions, but the bands at 538 and 439 cm−1 are due
to the transverse absorption of a hematite structure. These bands are seen in Figure 1’s
FTIR spectrum [51,52]. The FTIR spectrum of the α-Fe2O3 sample exhibits no additional
vibrational bands due to the hydration and organic phase used as a capping agent being
completely removed after 600 ◦C calcination.
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Figure 1. FTIR spectrum of α-Fe2O3 NPs.

3.2.2. Raman Spectroscopy

The Raman spectrum of hematite α-Fe2O3 is depicted in Figure 2. It is devoid of peaks
associated with maghemite or magnetite. The A1g modes are associated with the 214 and
567 cm−1 peaks [53]. The remaining four peaks at 278, 390, 430, and 616 cm−1 are assigned
to the Eg modes [53]. This indicates that heating the initial Fe to 600 ◦C for four hours will
completely convert it to hematite. The data obtained from the FTIR was confirmed by the
results obtained from the Raman analysis which proved the formation of the hematite as
reported in literature [46–53].
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Figure 2. Raman spectrum of α-Fe2O3 NPs.

3.2.3. X-ray Diffraction (XRD)

XRD was used to characterize the crystalline structure of the produced α-Fe2O3
nanoparticles. As illustrated in Figure 3, diffraction patterns correspond to the crystallo-
graphic planes (012), (104), (110), (113), (024), (116), (018), (214), and (300) of rhombohedral
phase α-Fe2O3, were assigned for 2theta of 24.106, 33.149, 35,577, 40.888, 49.446, 54.119,
56.517, 62.252, and 64.013, respectively, based on the standard COD card (No. 9,000,139)
α-Fe2O3 hematite, which confirms the synthesis of α-Fe2O3 nanoparticles. This demon-
strates that α-Fe2O3 hematite nanoparticles may be synthesized using such a simple and
environmentally friendly method.
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Figure 3. X-ray diffractograms of α-Fe2O3 NPs.

3.2.4. Transmission Electron Microscopy (TEM)

The TEM micrograph (Figure 4) revealed that the particles were oval and pyramid-
shaped, suggesting that they are self-assembled into a large spindle with pores via electro-
static and/or van der Waals forces and aggregated as a result of algal extract solvating and
capping the nanoparticles [54]. The particle diameters range from 5.6 to 16.8 nm.

 

Figure 4. TEM of α-Fe2O3 NPs.

3.2.5. Particle Size Analyzer (PSA) and BET Analysis of the Surface Area

The size distribution is shown in Figure 5 and is defined by PSA for α-Fe2O3 NPs,
as a result of detecting α-Fe2O3 hematite in two ranges of size. The range from 6 to 8 nm
using a 10◦ test angle has small size particles and another range of particle sizes around
122 to 691 nm using a 90◦ test angle; the results indicate the widest size distribution of
the α-Fe2O3 nanoparticles. In addition, the dominant sizes of the hematite were about
421 nm. The BET analysis (Table 3) of green α-Fe2O3 shows that the surface area and
average pore size of the synthesized magnetite (α-Fe2O3) nanoparticles were 29.29 m2/g
and 11.92 nm, respectively.
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Figure 5. PSA of the α-Fe2O3 NPs.

Table 3. BET surface area and porosity of green α-Fe2O3 NPs.

Sample BET Surface Area (m2/g) Mean Pore Diameter (nm) Total Pore Volume (cm3/g)

Green α-Fe2O3 NPs 29.29 11.92 0.087

3.3. Characterization of Biochar
3.3.1. Fourier Transform Infrared Spectra (FTIR)

The FTIR spectrum (Figure 6) was used to qualitatively analyze the chemical structures
of biochar modified with H2SO4 and NH4OH. Both samples’ FTIR spectra exhibit some
similarities. The band between 3388 and 3203 cm–1 corresponds to the –OH and –NH
in SD and SD-NH2 biochars, respectively [16,55]. C–H stretching can be attributed to
the adsorption peak at 2921 cm–1. The significant adsorption peak at 1701 cm–1 can be
attributed to the carboxyl group’s C=O stretching, which was absent in SD and completely
absent in SD-NH2 biochars [16,55]. In both SD and SD-NH2 biochars, the band 1581 cm–1

corresponds to the C=O stretching vibration. In SD and SD-NH2 biochars, the peak at
1209–1176 cm–1 represents a rise in C–O–C, while at (1029–1033, 784–792, 615–626) cm–1

represents a Si–O–Si stretching.

90%
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SD SD-NH2

Figure 6. FTIR analysis of SD and SD-NH2.
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3.3.2. X-ray Diffraction (XRD)

Figure 7 shows the XRD of the SD and SD-NH2 biochar. The broad peak in the
region of 2θ = 10–30 is indexed as C (002) diffraction peak indicating an amorphous carbon
structure with randomly oriented aromatic sheets. There are sharp peaks around 2θ = 27
and 43.65. In the case of SD-NH2, sharp peaks around 2θ = 25.8, 43.6, and 63.9 correspond
to the miscellaneous inorganic components mainly constituted of quartz and albite, within
the structure of SD, which indicated that the original feedstocks were rich in Si, which can
be manifested by the Si-O-Si stretching band from FTIR spectra [55].

 
Figure 7. XRD analysis of SD and SD-NH2.

3.3.3. Thermal Analysis (TGA)

The decomposition of sawdust biochar occurs in three steps, whereas the SD-NH2
biochars decompose in two steps, as illustrated in Figure 8. The first step occurred between
50 and 150 ◦C as a result of the loss of surface-bound water and moisture present in
the sample, resulting in a weight loss of 6.7, 13.21, and 6.7%, respectively, for SD and
SD-NH2 [7,34,35]. The second phase results in a 56.30% weight loss at 150–350 ◦C and a
3.9% weight loss at 150–275 ◦C for SD and SD-NH2. The third phase results in a 22.55%
weight loss at 350–1000 ◦C and a 30.03% weight loss at 275–1000 ◦C, for SD and SD-NH2,
respectively [7,34,35]. The weight retained by SD-NH2 biochars and the percentages of
2.96% obtained, as well as the DTA curves, indicate that the SD-NH2 biochar amine-
modified sample exhibits more stability than the SD biochar [7,34,35]. This enhances
the susceptibility to consume SD during anaerobic digestion, which explains why the
cumulative amount of biogas produced was greater when SD biochar was used rather than
SD-NH2 biochars.

3.3.4. BET Analysis of the Surface Area

The parameters of SD and SD-NH2 biochars, including their BET-specific surface area,
total pore volume, and mean pore diameter, are reported in Table 4. Interestingly, the
modification enhanced the surface area of SD (2.913) and SD-NH2 (3.19) biochars.

Table 4. BET surface area and porosity of biochar.

Sample BET Surface Area (m2/g) Mean Pore Diameter (nm) Total Pore Volume (cm3/g)

SD 2.913 16.874 0.01220

SD-NH2 3.190 8.370 0.00668
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(b) 

Figure 8. TGA analysis of (a) SD and (b) SD-NH2.

3.4. Impact of Pretreatment on Anaerobic Digestion by Batch

For 40 days, the experimental results of biogas output yields were collected and
are shown in Figure 9. When the treated P. capillacea was treated with an SD dose (100,
50 mg/L), the average biogas production yield was marginally increased compared to the
biogas production yield without biochar treatment, as shown in Figure 9.

A major positive effect on the production of biogas (p < 0.05) was achieved when
P. capillacea was treated with 100 mg SD combined with 10 mg α-Fe2O3. The dosage of
100 mg SD combined with 10 mg α-Fe2O3 produces higher biogas yield with 219 mL/g VS
for P. capillacea combined with manure. It is also worth mentioning that when P. capillacea
was treated with unmodified SD with different dosages of 50, 100, and 150 mg/L, the biogas
was increased more than the control sample, which produces a higher biogas yield with
171, 205, and 169.5 mL/g VS, respectively. It is also clear that modified SD-NH2 with all
higher dosages, except 100 and 150 mg/L, has inhibitory effects on the biogas production.

Biogas output tests have been completed when, as seen in Figure 10, the regular
production of biogas is <1% of the total production of most of the tests conducted. It is clear
that the biogas output of P. capillacea treated with 50 mg/L of SD-NH2 is around 169.5 mL/g
VS, which is equal to the biogas yield formed by 100 mg/L dosage of unmodified biochar
and is higher than the biogas produced from the untreated algae (control), which yields
138 mL/g VS. This may indicate that the little dosages of SD-NH2 may have no detrimental
effect on methane yield of biogas production and the addition effect of biochar in biogas is
dosage dependent.
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Figure 9. Cont.
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Figure 9. Average production of cumulative net biogas (mL/g VS) using (a) raw and untreated + raw
pretreated with α-Fe2O3, (b) raw and raw pretreated with SD, (c) raw and raw pretreated with
SD-NH2, (d) raw and combination of α-Fe2O3 NPs and SD, and (e) raw and combination of SD-NH2

with α-Fe2O3 NPs.

Due to the possibility of ammonia accumulation during anaerobic digestion of food
waste, its use in industrial biogas facilities is restricted. Sheng et al. [56] investigated the
effect of ammonia and nitrate on biogas production from food waste via anaerobic digestion.
They discovered that lower ammonia concentrations (1.544 g L−1) had no detrimental effect
on methane yield, whereas higher TAN concentrations (>3.78 g L−1) resulted in severe
inhibition of methanogenesis. These findings corroborate our findings that greater doses of
SD-NH2 restrict the formation of biogas from P. capillacea. This inhibitory effect became
worse and gave more inhibitory effect when the P. capillacea was treated with SD-NH2 with
a combination with α-Fe2O3 with a dosage of 10 mg/L and the biogas yield was 127, 24,
and 9 mL/g VS. The reason for this inhibitory effect may be explained by the releasing
of more nitrogen which will be converted into ammonia in the digester according to the
following equation:

Fe2O3 (s) + 2 NH3 (aq) → 2 Fe (s) + N2 (g) + 3 H2O (3)

The release of N2 can alter the C/N ratio, and changes in the C/N ratio can change the
pH of a slurry [57]. Increased carbon content results in increased carbon dioxide creation
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and a lower pH value. In contrast, increased nitrogen content results in increased ammonia
gas production, which may raise the pH to the detriment of microorganisms [57].

Figure 10. Cont.
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Figure 10. Average rate of the daily production of the biogas using (a) raw and untreated + raw
pretreated with α-Fe2O3, (b) raw and raw pretreated with SD, (c) raw and raw pretreated with
SD-NH2, (d) raw and combination of α-Fe2O3 NPs and SD, and (e) raw and combination of SD-NH2

with α-Fe2O3 NPs.

The addition of 10 mg/L α-Fe2O3 resulted in a 12% increase in biogas production over
control (138 mL/g VS), which is consistent with the results obtained by Abdelwahab et al. [58],
who stated that the addition of 15, 30, and 60 mg/L Fe NPs increases specific biogas pro-
duction startup by 124.7, 85.1, and 40.3%, respectively. The addition of SD in combination
with 10 mg/L α-Fe2O3 increased biogas generation by 40% compared to the control and by
29% compared to the individual SD treatment. These findings are consistent with those
of Abdelsalam et al. [59], who discovered that adding 5, 10, and 15 mg/L Fe NPs (20 nm)
increases biogas production startup by 250.7, 270.3, and 264.5%, respectively, as compared
to using only cattle dung. This discrepancy in results, however, could be explained by
the size and concentration of Fe NPs. The size, concentration, and type of NPs have a
significant effect in biogas production [38,59]. In our study, the TEM analysis showed
α-Fe2O3 NPs in the range of 5–16 nm, which is near the range studied by Abdelsalam [59]
(20 nm), which may confirm that the small size of α-Fe2O3 NPs may have a good impact
on methanogenesis bacteria. Cumulative specific biogas production results demonstrated
a substantial increase (p < 0.05) in cumulative biogas production when α-Fe2O3 NPs and
unmodified SD were added to control manure alone, as seen in Figure 9. In this study,
the highest biogas yield of 219 mL/g VS was still lower than the results obtained by
Hassaan et al. [12], who studied ozonation pretreatment’s effect on the biogas production
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from Ulva lactuca with biogas yield around 499 mL/g VS with higher ozonation time
(30 min), but it is still higher than the biogas yield attained by Hassaan et al. [12] when
using ozonation time (10 min).

This work can be a good addition to support the circularity of resources due to it
having a significant effect on the circular bioeconomy by using red algae P. capillacea as a
source of biomass and also to synthesize green α-F2O3. Another way of using biomass to
enhance the bioeconomy is by using the SD waste to synthesize biochar and that will lead
to reducing pressure on the environment, and to the creating of new green industries and
jobs and boosting economic growth.

3.5. Kinetic Study

The data of the gas production kinetic study have been summarized in Tables 5 and 6.
It is reported that the Gompertz and logistic feature models matched well the experimental
findings, except for 150 SD-NH2 individually or in combination with α-Fe2O3 with a
dosage of 10 mg/L. For the logistic feature model and the modified Gompertz model,
Rm of 14.53 and 12.16 mL/g VS, respectively, of biogas production when algae was
treated with unmodified SD were observed [42,60]. The modified Gompertz and logistic
models’ functional received λ values of 0.1 and 0.29 days, respectively. Our work’s value
is extremely low compared to previously published values [38,61], for both modified
Gompertz and logistic function models. The model’s reliability was tested by plotting the
calculated values for biogas production against the observed values (Figures 11 and 12).
Tables 5 and 6 additionally include statistical indicators (R2) to help visualize the kinetics
study. According to Nguyen et al. [42], the higher R2 values (0.999 and 0.994) for modified
Gompertz and logistic feature models, respectively, indicated a more appropriate kinetic
model. Both models in our analysis have a superior R2 of 0.997, which is near the same
values attained by [12,38].

Table 5. Data of kinetic analysis using the modified model of Gompertz.

SD

R2 Predicted
P (ml/g VS)

Differences (%)
Rmax

mL/g VS.day
λ (Day)

untreated 0.991 142.31 2.69 10.94 0.19

50 SD 0.993 180.94 0.879 13.32 0.10

100 SD 0.996 203.95 1.86 12.16 0.16

150 SD 0.989 168.92 0.822 11.60 0.19

Modified SD-NH2

untreated 0.991 142.31 2.69 10.94 0.19

50 SD-NH2 0.975 220.78 1.62 27.34 0.11

100 SD-NH2 0.691 52.12 29.16 8.40 0.058

150 SD-NH2 * 0.91 51.41 0.804 891 0.0036

α-Fe2O3 (10 mg/L)

untreated 0.991 142.31 2.69 10.94 0.19

Fe 10 mg/L 0.989 162.73 3.06 12.76 0.16

CombinedSD-α-Fe2O3(10 mg/L)

untreated 0.991 142.31 2.69 10.94 0.19

50 SD + 10 mg/L 0.995 86.91 0.025 11.11 0.14

100 SD + 10 mg/L 0.995 213.07 3.32 9.81 0.17

150 SD + 10 mg/L 0.997 113.92 0.763 12.06 0.14
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Table 5. Cont.

SD

R2 Predicted
P (ml/g VS)

Differences (%)
Rmax

mL/g VS.day
λ (Day)

Combined Modified SD-NH2—α-Fe2O3(10 mg/L)

untreated 0.991 142.31 2.69 10.94 0.19

50 SD-NH2 + 10 mg/L * 0.92 133.31 4.55 753 0.0044

100 SD-NH2 + 10 mg/L 0.955 24.50 2.05 4.92 0.17

150 SD-NH2 + 10 mg/L * −10 3.3 63 8.85 0

* Fit Status = Failed.

Table 6. Data of kinetic analysis using the logistic model.

SD

R2 Predicted
P (ml/g VS)

Differences (%)
Rmax

mL/g VS.day
λ (Day)

untreated 0.997 139.50 1.03 13.22 0.28

50 SD 0.984 169.02 3.07 16.49 0.17

100 SD 0.991 196.99 4.30 14.53 0.25

150 SD 0.983 164.34 3.10 13.68 0.29

Modified SD-NH2

untreated 0.997 139.50 1.03 13.22 0.28

50 SD-NH2 0.983 183.28 0.78 28.75 0.21

100 SD-NH2 0.677 300.46 19.09 86.68 0.03

150 SD-NH2 * 0.916 51.97 1.55 136.01 0.08

α-Fe2O3 (10 mg/L)

untreated 0.997 139.50 1.03 13.22 0.28

Fe 10 mg/L 0.995 157.82 0.983 15.26 0.25

CombinedSD-α-Fe2O3(10 mg/L)

untreated 0.997 139.50 1.03 13.22 0.28

50 SD + 10 mg/L 0.995 84.00 2.05 13.88 0.22

100 SD + 10 mg/L 0.986 207.57 5.30 12.22 0.25

150 SD + 10 mg/L 0.988 109.36 3.16 14.77 0.22

Combined Modified SD-NH2—α-Fe2O3(10 mg/L)

untreated 0.997 139.50 1.03 13.22 0.28

50 SD-NH2 + 10 mg/L * 0.925 134.30 5.33 121.29 0.10

100 SD-NH2 + 10 mg/L 0.959 24.25 1.00 7.48 0.24

150 SD-NH2 + 10 mg/L * −0.07 4.5 50 - 0

* Fit Status = Failed.
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Figure 11. Cumulative biogas yield from Gompertz model, (a) untreated, untreated + α-Fe2O3

(10 mg/L) (b), 50, 100, 150 mg/L SD + untreated (c–e), 50, 100, 150 mg/L SD + α-Fe2O3

(10 mg/L) + untreated (f–h), 50, 100, 150 mg/L SD-NH2 + untreated (i–k), 50, 100, 150 mg/L
SD-NH2 + α-Fe2O3 (10 mg/L) + untreated (l–n).
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Figure 12. Cumulative biogas yield from logistic model, (a) untreated, untreated + α-Fe2O3 (10 mg/L)
(b), 50, 100, 150 mg/L SD + untreated (c–e), 50, 100, 150 mg/L SD + α-Fe2O3 (10 mg/L) + untreated
(f–h), 50, 100, 150 mg/L SD-NH2 + untreated (i–k), 50, 100, 150 mg/L SD-NH2 + α-Fe2O3 (10 mg/L)
+ untreated (l–n).
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4. Conclusions

This study is the first work that studies the impact of nanoparticles with biochar on
biogas production from seaweeds. The biomass of the red algae P. capillacea was pretreated
with two different types of biochar either individually or combined with α-Fe2O3 for
enhancing biogas production in this work. As a result, the unmodified biochar SD with
all different dosages increased the biogas ability of the studied red algae P. capillacea
compared to untreated P. capillacea. On the other hand, the modified biochar SD-NH2 has
an inhibitory effect on biogas production for higher dosages (100 and 150 mg/L). TEM,
Raman, FTIR, PSA, and XRD confirmed the synthesis of α-Fe2O3 NPs. When P. capillacea
pretreated with α-Fe2O3 alone and combined with 100 mg/L SD, the biogas increased by
12 and 40%, respectively. The updated Gompertz model and the logistic function model
(R2 = 0.997) were appropriate models to match the calculated biogas production and could
be used more reasonably to characterize the kinetics of the AD phase. Moreover, from
our results and literature, the type of biochar, trace elements concentration in biochar, and
the modification method play a key role in determining the effectiveness of the biochar in
enhancing biogas production. The compatibility of the P. capillacea bioprocess, the emission
of biogas, techno-economic analysis, and compositional analysis of the used seaweeds
should also be studied in a future study. On the basis of our data, the bio-energy is one of
the major renewable energy types that demands substantial financial investment. In order
to meet the challenge, the Egyptian government should make a significant contribution to
the construction of more biogas and biomethane production plants in the coming years.

Author Contributions: M.A.H. conceived the research, carried out the experimental and theoretical
work, and drafted the report. A.E.N. conceived the research, supervised and assisted with the study,
as well as writing the manuscript. The unmodified and modified biochars were prepared by Eng.
M.A.E.-N., M.R.E. assisted with the manuscript’s writing and performed some analysis. S.R. assisted
with writing and work discussion. A.P. was in charge of supervising research and assisting with
theoretical work and publication. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

AD Anaerobic digestion
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EDX Energy dispersive X-ray spectroscopy
BET Brunauer–Emmett–Teller
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Rm The maximum biogas production rate
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Abstract: All harvestable cereal straw cannot be collected every year in regions where wet periods
are probable during the baling season, so some Swedish studies have used ’recovery coefficients’ to
estimate potential harvestable amounts. Current Swedish recovery coefficients were first formulated
by researchers in the early 1990s, after discussions with crop advisors, but there are no recent Swedish
publications on available baling times and recovery proportions. Therefore, this study evaluated
baling operations over a series of years for representative virtual farms and machine systems in
four Swedish regions, to determine the available time for baling, baled straw ratio and annual
variation in both. The hourly grain moisture content of pre-harvested cereals and swathed straw was
estimated using moisture models and real weather data for 22/23 years, and the results were used as
input to a model for simulating harvesting and baling operations. Expected available baling time
during August and September was estimated to be 39–49%, depending on region, with large annual
variation (standard deviation 22%). The average baling coefficient was estimated to be 80–86%, with
1400 t·year−1 harvestable straw and 15 t·h−1 baling capacity, and the annual variation was also
considerable (s.d. 20%).

Keywords: bioenergy; biofuels; sustainability; renewable; cereal straw; recovered; weather;
simulation; Sweden; baling time; baling proportion; baling coefficient

1. Introduction

Cereal straw is a sustainable and renewable resource that has been used for var-
ious purposes for centuries [1] Considerable amounts of this residue are available in
many regions (e.g., [1–4]), where it can be used in the energy sector as part of the green
energy supply and in efforts to mitigate climate change (e.g., [5,6]). Extensive re-use
of biomass, including straw and waste resources, would also generate other beneficial
effects, such as (a) progress towards a biobased economy centred on biological and renew-
able resources (e.g., [7–10]), (b) creation of job opportunities in rural areas, strengthening
the rural economy and promoting sustainable development (e.g., [5,6,9,11,12]), (c) raw
material for biobased industries (e.g., biobased textiles) and (d) raw material for second-
generation biofuels (e.g., biomethane, bioethanol) or cogeneration of heat and electricity
(e.g., [5,13–16]). Use of biomass and wastes in this way to contribute to a circular economy
would reduce overexploitation of non-renewable resources and decrease greenhouse gas
emissions (e.g., [7,9,16–18]).

The total amounts of crop residues produced in the European Union-27 (EU-27)
are significant. Based on data for the period 1997–2008, Scarlat et al. [3] estimated total
production to be 258 M dry tonnes/year. However, not all harvestable straw can be
removed, as local conditions may require all or part of the straw to be incorporated into
the soil, to maintain or improve soil organic matter content and cultivation properties.
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According to Scarlat et al. [3], there is a sustainable collectable amount of 111 M dry tonnes
of crop residues/year on average in the EU-27, when considering environmental and
harvesting constraints, with the annual amount ranging from 86 to 133 M tonnes over a
10-year period. A proportion of the collectable total, around 28 M tonnes, is used in animal
production or for purposes other than energy, leaving an estimated 87 M tonnes per year
available for bioenergy purposes [3]. In a review of multiple studies, Kretschmer et al. [1]
reported similar estimates, i.e., 50–127 M dry tonnes/year of agricultural residues (mainly
cereal straw) available for bioenergy purposes or new uses in the EU-27. However, this
potential is unevenly distributed and mainly concentrated in France, Germany, Poland,
Romania, Italy, Hungary and Spain [1].

The significant amounts of agricultural residues available in the EU-27 represent an
important resource for supplying renewable and sustainable bioenergy. Based on data for
the period 1997–2008, Scarlat et al. [3] estimated that these residues can make a potential
contribution of 3.2% on average to final energy consumption. Hence, agricultural residues
can contribute significantly to achieving the EU-27 target of “at least 32% energy from
renewable sources in the Union’s gross final consumption of energy in 2030” [6,19].

In Sweden, the potential amount of straw available for fuel purposes is estimated
at approximately 1 million tonnes per year, which corresponds to 3–4 TWh or 300,000–
400,000 m3 diesel [20]. This study focused mainly on bioenergy and biofuel applications
using this renewable and sustainable agricultural residue.

However, straw as a fuel has the following major limitations:

• It is a bulky material, even when compacted
• It is a biological, hygroscopic and degradable material that needs to be stored at

moisture content <18% (wet basis, w.b.) to avoid spoilage due to mould growth
• The collection period is short (a few weeks), particularly in the Nordic countries
• Annual supply varies, mainly due to yearly yield differences and recovery difficulties

due to wet weather conditions during baling
• Weather variations mean that the time available for cereal harvesting and straw

recovery operations varies between years
• The annual amounts of straw expected to be collected are uncertain and therefore

planning its use is difficult at both farm and regional levels [21,22].

Approximately one-third of days during the Swedish baling period (August–September)
are rainy (≥0.5 mm) in the main cereal production regions and there is great monthly
variation. Average air relative humidity is approximately 81% and the variation is also
considerable (data from SMHI, period 1990–2018, own compilation [23]). This means
that the Swedish weather conditions for straw baling are troublesome, particularly in
some years.

As all harvestable straw cannot be collected every year, due to climate factors, delayed
crop maturity, lack of time or resources due to other farm operations etc., Henriksson
& Stridsberg proposed in 1992 [24] that the harvestable straw amounts in Sweden be
multiplied by a specific factor, a ‘recovery coefficient’ (0.4 to 0.8 depending on the cereal
crop and region), to estimate potential quantities that can be harvested.

These recovery coefficients were developed after discussions with crop advisors
and were based on cultivation conditions and machine systems existing in the 1980s.
Later Swedish studies have used them at the farm or national level (e.g., [21,24–28]).
An advantage of recovery coefficients is that they are easy to use when harvest index (ratio
between grain yield and aboveground biomass) or grain/straw ratio and grain yield are
known, which is the case in Sweden. The drawbacks of recovery coefficients are their poor
correlation with cereal yield [20,22], in addition, yields are subject to considerable annual
variation in Sweden [29].

The straw recovery process is complex and dependent on multiple factors. Some
factors are more or less well known at the farm level, e.g., crop grown, expected straw
yield, crop area, number of fields, field size, available machines and their capacity, human
resources, etc. An unknown but important consideration for harvesting and straw recovery
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operations is climate, a less predictable factor, particularly in regions where wet periods
can be expected. Grain and straw harvesting operations require low moisture contents of
the grain and straw, but the requirements are higher for straw as drying of bales is difficult
to carry out at a reasonable cost.

Weather variation also leads to considerable differences in the time available to per-
form harvesting and baling operations, and weather conditions are difficult to determine
and may vary between and within days. However, some knowledge of the expected time
available for work is important when planning field operations or when new systems need
to be dimensioned (e.g., [30,31]). To avoid the use of an uncertain average available time
and, in parallel, to capture possible interactions between crops, machine system, weather
and other factors, researchers have developed simulation models where field operations
are replicated for a series of years, either on a daily or hourly basis, using historical weather
data (e.g., [21,30–39]).

Straw recovery consists of several steps (baling, bale collection/loading, transport,
unloading and storage), which differ depending on the system used. The most uncertain
link in this chain is baling, as it requires a low straw moisture content, which in turn is
weather-dependent and thus an unpredictable factor.

No assessment of harvestable cereal straw recovery operations under Swedish condi-
tions has been published in recent years. Therefore this study evaluated baling operations
over a series of years for representative farm conditions and machine systems in four
regions of Sweden with a straw surplus (Västmanland, Östergötland, Västra Götaland
and Skåne). The objectives were to determine the available baling time, baled straw recov-
ery ratio and annual variation in these, using simulation and real weather data, thereby
contributing to greater utilisation of this resource, supporting bioenergy systems towards
sustainability goals.

2. Materials and Methods

2.1. Outline

The following steps were taken to achieve the objectives of the study (Figure 1):

• An existing model [30] was applied for predicting hourly grain moisture content of
standing ripe winter wheat during 22/23 harvesting seasons

• A second existing model [40,41] was used for estimating the hourly moisture content
of swathed cereal straw during the same 22/23 seasons

• Predicted moisture content data for grain and straw were used as input to a simulation
model for cereal harvesting operations, which included a module for straw baling.
The operations were simulated for 22/23 harvesting seasons on an hourly basis

• Several baling parameters were evaluated on representative virtual farms for the four
Swedish regions in terms of their effects on amounts of baled straw, baled straw ratio
and annual variation in both.

2.2. Weather Data

The moisture content of ripe standing cereal grain and swathed straw is largely deter-
mined by the weather, which in turn affects when harvesting and baling operations can
be carried out. The simulation models used in this study to estimate moisture contents
require data on the following weather variables on an hourly basis: temperature, precipi-
tation, relative humidity, global radiation, wind speed and cloudiness. These data were
obtained from weather stations of the Swedish Meteorological and Hydrological Institute
(SMHI [23]) and the Swedish Ordnance Survey [42] for the period from 16 July to 15 October,
1995/1996–2017. For the region of Västmanland, the weather data were downloaded from
stations near Västerås (59◦36′ N, 16◦32′ E), for Östergötland from stations near Linköping
(58◦24′ N, 15◦37′ E), for Västra Götaland from stations near Skara (58◦23′ N 13◦26.3′ E)
and for Skåne from stations near Hörby (55◦51′ N, 13◦39′ E). Global radiation data were
completed using the STRÅNG model [43].
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Figure 1. Flowchart of the procedure used to estimate the yearly amount of baled straw on a farm.

2.3. Estimation of Hourly Moisture Content of Swathed Cereal Straw

A simulation model was used to predict the hourly moisture content of swathed straw.
The model was developed under Swedish conditions and is described in detail by Nilsson
& Karlsson [40] and Nilsson & Bernesson [41]. The calculations were made in a spreadsheet
computer application, employing the equations presented in Appendix A. The results were
verified in a field experiment with swathed straw from winter wheat in the Uppsala region
(59◦51′ N, 17◦38′ E) in August 2019 and are depicted in Figure 2.
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Figure 2. Comparison of moisture content (%, wet basis) of swathed wheat straw obtained with the simulation model
proposed by Nilsson & Karlsson [40] and Nilsson & Bernesson [41] using as parameters: b = 0.45 and c = 0.35 (continuous
line) and values measured (squares) in a field experiment in Uppsala in August 2019. The error bar on the measured
moisture contents represents one standard deviation (n = 3) for each determination. The secondary axis shows precipitation,
drawn as bars.
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The model estimates the equilibrium moisture content of swathed straw based on the
adsorption (wetting) process, estimating the 18% (w.b.) moisture content equilibrium at
85–90% air relative humidity. At this humidity level, there are risks of mould growth and
heat generation in stored bales [44–46]. The moisture content at equilibrium with 80% air
relative humidity (16% moisture content according to the model), which corresponded to
18% (w.b.) moisture content for the desorption (drying) process [47,48], was used as the
moisture ceiling for the baling operation. For further details, see Appendix A.

In a comparison of equilibrium moisture content in yellow and grey straw (i.e., straw
that had been exposed to precipitation) from several cereal crops harvested with a straw
walker or axial-flow combine harvester, Nilsson & Bernesson [41] found small differences.

All water content values in this study are expressed on a wet basis (w.b.) and all
amounts of straw are expressed in kilograms (kg) or metric tonnes (t), unless otherwise stated.

2.4. Simulation Model for Harvesting and Straw Baling Operations

The event-driven model used for simulating harvesting operations [30,31,38] simulates
the operation hourly for many years with specific farm conditions (e.g., number of fields,
crops, crop area, amount of straw per ha, harvesting capacity, current precipitation, working
hours etc.) (Figure 1).

Annual maturation dates of the cereal crops were calculated for each field with a
procedure based on daily temperature and photoperiod according to Angus et al. [49]. If
the estimated maturity date for a crop fell outside the intervals shown in Table 1, it was
assumed that the field maturity date would be the nearest value in the range shown in the
table. This was done to avoid extreme values in the simulation model.

Table 1. Expected maturation period for the main cereal crops in the four Swedish regions studied.

Region/County Winter Wheat Spring Wheat Spring Barley Oats

Västmanland 30 July–20 August 21 August–12 September 13 August–3 September 15 August–5 September
Östergötland 28 July–18 August 19 August–9 September 10 August–1 September 13 August–3 September

Västra Götaland 28 July–18 August 19 August–9 September 10 August–1 September 13 August–3 September
Skåne 21 July–11 August 13 August–3 September 7 August–28 August 9 August–30 August

The harvesting model, whose functional unit was one hectare, was extended with
a module that simulated baling operations, using as input the hourly straw moisture
content estimated with a separate model [40,41].

Harvesting and baling operations were simulated for representative virtual farms in
the four Swedish regions, with varied harvestable straw quantities for 22/23 years in terms
of amounts baled and baled proportions.

2.5. Virtual Farms

The virtual farms were located in the regions of Västmanland, Östergötland, Västra
Götaland and Skåne. Table 2 shows the distribution of cereal crops by area on the virtual
farms, which corresponds to the county level, and Table 3 shows the standard yields of the
main cereal crops for the county.

Table 2. Cereal crop area distribution (%) on virtual farms in the four Swedish regions studied *.

Region/County Winter Wheat Spring Wheat Spring Barley Oats Total

Västmanland 31 12 32 25 100
Östergötland 66 5 19 10 100

Västra
Götaland 36 6 24 34 100

Skåne 51 4 40 5 100
* Values based on the crop relative area over four years (2015–2018) at the county level, data from the Swedish
Board of Agriculture (Jordbruksverket [50]).
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Table 3. Grain yield (kg·ha−1) for crops grown on virtual farms in the four Swedish regions studied *.

Region/County Winter Wheat Spring Wheat Spring Barley Oats

Västmanland 5573 4316 4617 4149
Östergötland 6829 4228 5088 4035

Västra Götaland 6189 3747 4926 4433
Skåne 7722 5200 5998 4900

* Values based on standard yields for 2017 and 2018 for the respective county, data from the Swedish Board of
Agriculture (Jordbruksverket [51]).

Straw/grain yield ratio (Table 4) was used to estimate amounts of harvestable straw
per hectare for the main cereal crops in the different regions (Table 5).

Table 4. Straw/grain yield ratio for the main cereal crops.

Winter Wheat Spring Wheat Spring Barley Oats

Straw: grain
ratio [20] * 0.6 0.66 0.37 0.52

* Cutting height 20 cm.

Table 5. Estimated harvestable straw quantities (kg·ha−1) for the main cereal crops in the four
Swedish regions studied *.

Region/County Winter Wheat Spring Wheat Spring Barley Oats

Västmanland 3344 2848 1708 2157
Östergötland 4097 2790 1883 2098

Västra Götaland 3713 2473 1823 2305
Skåne 4633 3432 2219 2548

* Straw quantities based on grain yields (kg·ha−1) in Table 3, multiplied by the straw/grain ratio for each crop in
Table 4.

The effective baling time required to bale 1400 tonnes was approximately 10 days with
15 t·h−1 baling capacity and 9 h·day−1 working time. In a baling period of approximately
45 days, it was most likely that there were a sufficient number of available days for
completing the operation in most years.

2.6. Premises and Input Data for Simulating Harvesting and Baling Operations

The following main assumptions, parameters and input data were used in the models
for simulating harvesting and baling operations on the virtual farms:

• Harvestable amount of straw: 600–2800 t·year−1

• Baling capacity (square bales): 15 t·h−1

• Daily harvesting capacity: 6% of cereal crop area and 22% grain moisture ceiling for
operating (parameters for this operation under Swedish conditions [30])

• 20 days as a maximum after crop maturation to perform harvesting operations on
individual fields to avoid unreasonable delays in the simulations due to precipitation
or other reasons (ripening periods are given in Table 1)

• Daily schedule for harvesting and baling operations: 11.00–20.00 h, including weekends
• Grain drying capacity was assumed not to be a limiting factor
• 2 days as a minimum waiting time between harvesting and baling operations, for

swathed straw moisture content to reach equilibrium with air relative humidity and
for weeds to dry

• 16 days as a maximum between harvesting and baling operations on individual fields
• A baling period until September 15, 18, 18 and 22 for Västmanland, Östergötland,

Västra Götaland and Skåne, respectively
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• Baling operations carried out by contractors. To replicate a real farm that does not own
a large baler and hires a baler only when there are sufficient amounts of dry straw, the
following requirements were set to start the operation on a certain day:

◦ At least 60 tonnes sufficiently dry swathed straw (≤18% w.b.), i.e., approx. 4 h
effective baling time

◦ Straw moisture content ≤18% for at least 4 h on the first day of a baling batch; on
the following days the operation continued as long as dry straw was available

• Number of fields in the virtual farms: 32
• Individual field data on expected ripening period according to Table 1
• Maximum precipitation of 0.1 mm in the current simulation hour, resulting in approx-

imately 1.6% higher straw moisture content at around 18% (w.b.) moisture content.

3. Results

3.1. Predicted Moisture Content of Swathed Cereal Straw

The hourly moisture content of swathed straw was estimated using a simulation
model and historical weather data for 22/23 years (for further details, see Section 2.3).
Figure 3 presents the mean available time for baling when straw moisture content did not
exceed 18% (w.b.) during daytime for the four regions. The regional estimation can be
considered the expected available baling time.
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Figure 3. Mean available baling time (i.e., expected proportion of time when the moisture content of swathed straw did
not exceed 18% (w.b.)) during baling hours (11.00–21.00 h), by 15-day periods in the Västmanland, Östergötland, Västra
Götaland and Skåne regions from July 16 to October 15. Error bars indicate one standard deviation (n = 22/23 years) in
percentage annual time available. Values based on simulation with hourly weather data from Västerås and Skara 1996–2017
and from Linköping and Malmö 1995–2017.

The available time decreased from approximately 50–55% in the second half of July to
approximately 20% during the first two weeks of October for all regions except Östergöt-
land, which showed 5–10% higher available baling time. The annual variation for 15-day
periods was large, as indicated by the standard deviation (error bars in Figure 3) (22% on
average considering all regions and 15-day periods).
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Figure 4 shows the estimated available baling time per year in August and September
for the Skåne region. In some years (e.g., 1998) this time was very short throughout the
whole season, while in other years (e.g., 1995, 2001, 2006 and 2007) it was very short
during one month. The yearly variation was even larger for 15-day periods. The other
regions studied displayed a similar pattern as in Figure 4. Variation in available baling time
makes straw recovery an uncertain process, demanding high baling capacity in Sweden,
particularly during years with unfavourable weather conditions.
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Figure 4. Estimated available baling time per year, i.e., the proportion of time when straw moisture content did not exceed
18% (w.b.) in August and September and mean values for both months during baling hours (11.00–21.00 h) for the Skåne
region in the period 1995–2017. Values based on simulation and hourly weather data, most from the Hörby weather station.

3.2. Estimated Straw Baling Coefficient

Figure 5 depicts the estimated average percentage of baled straw with varied amounts
of harvestable straw and a baling capacity of 15 t·h−1 for representative virtual farms in
each region. The highest estimated percentages of baled straw were at 600 and 1000 t·year−1.
With quantities of harvestable straw above 1000 t·year−1 the baled share decreased, es-
pecially with amounts higher than 1800 t. However, the highest baled proportions esti-
mated meant low annual baler utilisation (600 tonnes requires approx. 40 h of operation).
A balance between high amounts of harvestable straw, a baled proportion of 80% or higher
and high annual baler utilisation occurred at 1400 t·year−1, on a virtual farm with approxi-
mately 570, 410, 520 and 400 hectares of cereal crops in Västmanland, Östergötland, Västra
Götaland and Skåne, respectively. The estimated baled percentage with 1400 t·year−1 of
harvestable straw in these regions was 84, 86, 82 and 80%, respectively (Figure 5).

With an amount of 1400 t·year−1 harvestable straw, the standard deviation, in this case,
a measure of variation in annual baled percentage, was 21, 22, 18 and 22%, respectively.
The Östergötland region showed more favourable conditions for straw baling, as reflected
in the higher proportion of baled straw (Figure 5).

The average percentage of the annually baled straw with 1400 t·year−1 of harvestable
straw was considered as the baling coefficient for the respective region, as these percentages
were estimated for representative regional farm conditions and cereal crop distributions.
They corresponded to approximately 90 h or 10–11 days of effective baling work when
100% of the 1400 t was baled. Note that these coefficients apply only under the conditions
and restrictions specified in Section 2.6.
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Figure 5. Mean estimated annual percentage of baled straw with varied amounts of harvestable straw for virtual farms
located in the regions of Västmanland, Östergötland, Västra Götaland and Skåne, with a baling period until September 15,
18, 18 and 22, respectively, and baling capacity of 15 t·h−1 (one baler). The error bars indicate one standard deviation of the
annual baled straw percentage (n = 22/23). Values based on simulations and hourly weather data (for further details see
Figure 1 and Sections 2.4 and 2.6).

The calculated proportion of baled straw varied for the individual crops (Figure 6). It
was highest for winter wheat (>80%) which also showed less annual variation, and lowest
for spring wheat (67–76% depending on the region, with large annual variation).
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Figure 6. Mean estimated annual percentage of baled straw (baling coefficient) for all cereal crops (winter wheat, spring
barley, oats and spring wheat) and for individual crops (spring barley and oats were considered as one crop) on virtual
farms located in Västmanland, Östergötland, Västra Götaland and Skåne, with 1400 t·year−1 harvestable straw, a baling
period up to September 15, 18, 18 and 22, respectively, and baling capacity of 15 t·h−1 (one baler). The error bars represent
one standard deviation of the annual baled percentages. Values based on simulations for 22/23 seasons (for further details
see Figure 1 and Sections 2.4 and 2.6).
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Figure 7 depicts the quartile distributions of annual baled percentage for the four
regions. In 50% of years, 90% or more of the harvestable straw was baled, while in 75% of
years more than 60% was baled. Lower amounts of baled straw mainly occurred during
a few years, with very low percentages during one or two years, as shown in Figure 8 for
the Skåne region
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Figure 7. Quartile distributions of estimated annual baled straw percentage for virtual farms located in Västmanland,
Östergötland, Västra Götaland and Skåne with 1400 t·year−1 harvestable straw, a baling period up to September 15, 18, 18
and 22, respectively, and baling capacity of 15 t·h−1 (one baler). Values based on simulations for 22/23 seasons. For further
details, see Figure 1 and Sections 2.4 and 2.6.
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Figure 8. Estimated percentage of baled straw per year for a virtual farm located in the Skåne region with 1400 t·year−1

harvestable straw and a cereal crop distribution representative for the region (Table 2), the baling capacity of 15 t·h−1

(one baler) and a baling period up to September 22.

3.3. Moisture Content of Baled Straw

The median moisture content of the baled straw was within the range of 12–13%
(w.b.) for all regions. The higher quartiles were in the range of 13–14%, indicating that the
majority of the baled fields were baled at straw moisture content lower than 15%. At this
moisture content, straw is in equilibrium with air relative humidity of about 70% for the
drying (desorption) process [47,48,52]. At 70% humidity, mould development is greatly
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reduced even at optimal temperatures for microbe growth (about 20 ◦C) [45]. For further
information, see Appendix A.

3.4. Sensitivity Analysis

A sensitivity analysis involving reducing baler accessibility and baling capacity was
made, to assess how these factors affected amounts of baled straw. Baling operations were
simulated for a representative virtual arable farm in the Skåne region with 1400 t·year−1

harvestable straw.

3.4.1. Limited Baler Accessibility

Figure 9A displays the average percentage of straw baled annually with varied acces-
sibility of a baler to start a batch of operating days. Baler accessibility was reduced for each
field by a random parameter in the simulation model. The baled amount decreased with
lower accessibility, particularly when it was 60% or lower. However, the annual variation
was considerable, as indicated by the standard deviation of the baled straw in Figure 9A.
The reductions were not evenly distributed annually and mainly occurred in years with
little available baling time.
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Figure 9. Mean percentage of straw baled annually with (A) varied baler accessibility to start a batch
of baling days and baling capacity of 15 t·h−1 and (B) varied baler capacity and 100% accessibility to
a baler for a representative arable farm in the Skåne region with 1400 t·year−1 harvestable straw and
a baling period until September 22. The error bars represent one standard deviation of annual baled
percentage (n = 23 years), for further details see Figure 1 and Sections 2.4 and 2.6.

3.4.2. Reduced Baler Capacity

Figure 9B presents the average percentage of straw baled annually with varied baling
capacity. The percentage only decreased considerably when capacity was significantly
reduced, specifically to 4 or 8 t·h−1. Note that baler accessibility was set to 100% in the
model when a value was required. As with baler accessibility, the decreases were not evenly
distributed between years. For several baling seasons, the amount baled was close to 100%
with the baling capacity of 8 t·h−1. This can be explained by the high available baling time
in some years in the Skåne region (see Figure 4). The effective number of working days with
this capacity was around 20 days (1400 tonnes of straw/(8 t·h−1 × 9 h·day−1)). Therefore
during years with favourable weather conditions, most of the straw could be baled.
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4. Discussion

4.1. Weather Conditions

The average proportion of rainy days (≥0.5 mm precipitation) in August and Septem-
ber 1990–2018 was approximately one-third in the four Swedish regions analysed, although
the annual variation was considerable. Fortunately, very problematic years with little
available baling time only occurred in a few years, as clearly illustrated in Figure 4 for
the Skåne region. The Västra Götaland region showed poorer weather conditions but had
a more even crop distribution (Table 2), allowing harvesting and baling operations to be
spread over more days.

Most of the weather data used were downloaded from one station for each region and
assumed to be valid for the whole region. However, all four regions are rather large and
daily weather may vary from site to site. This adds uncertainty to the estimated available
baling times for particular locations, years or months. Nevertheless, the estimated averages
from 22/23 years for the regions did not differ greatly (Figure 3), and hence a similar
pattern can be expected within a region in the long term.

4.2. Moisture Content Prediction Models for Standing Mature Wheat and Swathed Cereal Straw

Drying and wetting processes are complicated and depend on multiple factors, so
different simplifications and assumptions must be made if a model is to be useful and the
amount of input data manageable [41].

To increase the reliability of estimates of swathed straw moisture content, a model
developed and validated in Sweden for crops and weather conditions similar to those in the
four regions studied was utilised [40,41]. The harvesting model used was also developed
under Swedish conditions [30,38] so its results should be reliable for the regions.

In this study, it was assumed that the moisture content in swathed straw was evenly
distributed, which is not always the case under real field situations. Swath parameters
may vary a great deal, e.g., swath thickness, amount of weeds, straw lying on stubble
or soil, site exposure to rain, dew, wind, solar radiation etc. All these factors lead to an
uneven straw moisture content distribution in swathed straw in regions with spells of
unfavourable weather conditions during the baling season, making their prediction the
weakest link in this study.

The estimated moisture content median and higher quartile for baled straw were in the
range 12–13% and 13–14% (w.b.), respectively, for all four regions, i.e., much lower than the
18% (w.b.) moisture ceiling for operations. Abawi [36] analysed harvesting operations and
found that the moisture content of ripe standing wheat fluctuates around a certain average,
depending on prevailing weather conditions. Weather variation means a mixture of “good”
and “bad” days, making moisture contents tend to an average. However, weather variation
also includes periods of persistent inclement weather in some years.

4.3. Farm Premises and Assumptions for Simulating Baling Operations

The harvestable straw quantities per hectare used in this study were based on grain
yields (Table 3), but the actual annual yield variation is considerable. A yield calculation
for the analysed crops and regions over the 10-year period 2010–2019 showed a yield range
of 1470–3800 kg·ha−1, with a coefficient of variation of 10–23% (data from Swedish Board
of Agriculture, own compilation (Jordbruksverket [50]. Similar yield variations have been
found in another study based on 50-year statistics for cereal yields in Sweden, with the
annual differences even larger at the farm level [29].

An equally wide range of estimated recoverable residues:grain yield ratios (0.8–1.6
for wheat, 0.8–1.3 for barley) has been reported by Glithero et al. [22], who concluded that
there is no clear relationship between harvested grain:straw yield for wheat in their study
area (England). Based on five-year data for Swedish cereal crops, Nilsson & Bernesson [20]
reported varied harvestable straw:grain ratios (20 cm stubble) of 0.41–0.96 for winter wheat
cultivars and 0.29–0.46 for barley.
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In this study, quantities from 2.2 to 4.6 t·ha−1 harvestable straw were assumed, de-
pending on crop and region. These values are similar to estimates of harvestable straw
for wheat and barley (median 2.5 and 2.3 t·ha−1, respectively) for the 2010 harvest in
England [22] from straw yield experiments in Denmark [53], from a recovery study of
wheat residues in Sweden [54] and for harvestable cereal straw in Finland with a cutting
height of 20 cm [55].

4.4. Available Baling Time

Mean available baling time during working hours (11.00–21.00 h) was estimated to be
approximately 44% in August and September for the four regions, with higher values for
August than September and higher values for Östergötland than other regions (Figure 3).
Unfortunately, moisture content values for swathed straw are not reported in the Swedish
literature, so comparisons were not possible.

With a straw recovery period of about 40–50 days, the expected number of suitable
days for baling varied from 18–22 days per year, which suggests that around 3000 t·year−1

of straw could theoretically be baled on average over a series of years with a baling
capacity of 15 t·h−1. In practice, about half this amount is usually recovered at that baling
capacity [21,56,57], which is in line with the results from this study (for further details, see
Section 3.2).

4.5. Baling Coefficient

When estimating average baled percentages with varying quantities of straw for
representative farm conditions in each region (see Figure 5), it was assumed that at least
80% of the harvestable straw was baled on average for a series of years to be considered
a baling coefficient. However, there is no objective criterion for this proportion and a
lower percentage could be accepted, e.g., around 60%, which occurred at 2800 t·year−1

harvestable straw, leading to a lower baling capacity requirement in relation to straw
amount. A similar baled proportion of 65% with 2200 t·year−1 as shown in Figure 5 was
reported by Nilsson & Bernesson [21] for a straw amount of approximately 2000 t·year−1.

The average proportion of baled straw for the whole farm was estimated at 84, 86,
82 and 80% for the Västmanland, Östergötland, Västra Götaland and Skåne region, re-
spectively, with an amount of 1400 t·year−1 harvestable straw, 15 t·h−1 baling capacity
and a baling period until mid-September. These coefficients are at least 5% higher than
those originally reported by Henriksson & Stridsberg [24] following discussions with crop
advisors. This discrepancy can be explained in part by the fact that the advisors based their
estimates on experiences from the 1980s, with cultivation conditions, farm sizes, machine
systems, climate and so on for that decade.

In this paper, we explicitly state the method, premises and parameters with which
the coefficients were estimated, so that the values can be adjusted if farm conditions or
premises deviate, e.g., amount of straw, baling period duration, moisture content ceiling
for operating, baling capacity, working hour per day, the minimum expected baled straw
quantities in seasons with poor weather conditions, etc.

4.6. Baled Proportions with a High Amount of Harvestable Straw

Figure 10 shows the quartile distribution of baled percentage for the virtual farms in
the four regions with an amount of 2800 t·year−1 harvestable straw and baling capacity of
15 t·h−1. The higher quartile denotes that in at least 25% of years, it was possible to bale
more than 80% except in the Skåne region. Comparing Figure 7 with Figure 10 shows that
the proportion of baled straw decreased for half the years by approximately 30% with an
amount of 2800 t·year−1 (median values). The reductions were not evenly distributed over
the years, mainly occurring in 50% of years (Figures 7, 8 and 10). Nilsson & Bernesson [21]
arrived at a similar conclusion.
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Figure 10. Quartile distributions of annual baled straw percentage for virtual farms located in Västmanland, Östergötland,
Västra Götaland and Skåne with 2800 t·year−1 harvestable straw, a baling period up to September 15, 18, 18 and 22,
respectively, and baling capacity of 15 t·h−1. Values based on simulations for 22/23 seasons, for further details see
Section 2.4 and Figure 1.

On the other hand, if a farmer will accept the collection of a lower proportion
(e.g., 60% on average) of the 2800 t·year−1 harvestable straw during 50% of years, then
15 t·h−1 baling capacity is adequate, assuming the conditions and constraints described in
Section 2.6.

4.7. Validity of Results

In general, models allow general patterns and trends of complex scenarios to be
explained and effects of main parameters and variables of a process to be quantified, so new
knowledge can be acquired. In addition, it is possible to capture interactions between the
main factors influencing a system, which are difficult to visualise with analysis. However,
model results are usually difficult to apply to specific cases and do not necessarily give
a completely correct picture of reality, mainly due to general assumptions, simplifications
and limited input data.

In this study, harvesting and baling operations were simulated for virtual farms in four
Swedish regions, to assess the influence of weather conditions on amounts and proportions
of baled straw. It was assumed that each farm represented the standard conditions for
the region. However, it is well known that no two farms have similar conditions in terms
of crop distribution, operation priorities, access to a baler, machine system, soils, swath
properties, annual variations in straw yield, etc. The complexity of the drying and wetting
process of swathed straw adds further uncertainty in the estimation of straw moisture
content.

Considering the above limitations, the main conclusions of this study are likely to be
mainly valid for regions with comparable climate and agricultural conditions to the four
Swedish regions (central and southern parts of the country, not strictly geographically).
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4.8. Equation for Rough Estimation of Performance of a Straw Baling System

A system in which a high proportion of harvestable straw is baled requires the number
of available days for operating to be equal to or greater than the number of effective baling
days that the work requires during a collecting season, i.e.:

Adays ≥ Edays (1)

where:

Adays: number of available days for straw baling.
Edays: number of effective days that the baling operation requires for a given amount of
straw; and where:

Adays = Pelength ∗ Atime ∗ Afbaler ∗ Rflow ∗ Mfmatching (2)

e.g., Adays = 45 ∗ 0.45 ∗ 0.9 ∗ 0.8 ∗ 0.6 = 9 days

where:

Pelength: period length for straw baling operations (e.g., 45), days
Atime: available expected time proportion for straw baling (e.g., 0.45 for the regions
studied, see Figure 3)
Afbaler: access factor to a baler, (0.1 if the chance of getting a baler when needed is 10%,
1.0 if a baler is always available when needed)
Rflow: reducing factor for baling a higher straw proportion than average (0.5 to 1.0: 0.5 for
baling a higher straw proportion than average a 1 for mean available baling time according
to Figure 3)
Mfmatching: matching factor to compensate restrictions of the baling system, e.g., not
enough straw ready to be baled on an available baling day (0.3 if the baling system operates
with difficulties and 0.8 if everything goes smoothly, without bottlenecks); and

Edays =
Ha ∗ Stamount

Bacap ∗ Whday
(3)

e.g., Edays =
450 ∗ 2.5

15 ∗ 9
= 8.3 days

where:

Ha: area to be baled, ha
Stamount: amount of straw per hectare, t·ha−1

Bacap: baling capacity, t·h−1

Whday: working hours per day, h·day−1

The results of Equation (2) were compared with estimates from other Swedish studies.
Considering only weather factors, Lundin [58] (Cited by Nilsson [59]) estimated 40, 36, 41
and 55 available days for straw recovery in Västmanland, Östergötland, Västra Götaland
and Skåne, respectively. These values are twice as high as the estimates in the present study
because the mean available baling time was estimated at approximately 45% (Figure 3),
which is consistent with information from Nilsson & Bernesson [21], C. Gunnarsson [56]
and F. Johansson [57].

Brundin [60] (Cited by Nilsson [59]) developed a similar formula to Equation (2) to
estimate the number of available days for straw collection but obtained higher estimates
than those in this study. However, his equation does not take into account limiting factors
caused by the machine system. Even so, any collecting system requires machines, whose
parameters and limitations affect the amounts of straw collected.
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5. Conclusions

By analysing the straw recovery process in regions where wet periods are probable
during the baling season, this study provided important data support for increasing the
efficiency of operations, enabling higher proportions of straw to be recovered and helping
bioenergy systems move towards greater sustainability.

This study simulated 22/23 years of baling operations for representative virtual
farms in four Swedish regions on an hourly basis, using historical weather data. The
main conclusions, which should be valid for regions with similar climate and agricultural
conditions to the regions assessed, were as follows:

• The estimated available baling time during working hours (11.00–21.00 h) was 39–49%,
depending on the region. The time decreased from around 50% at the beginning of
August to 30–40% at the end of September. The annual variation was large, with a
standard deviation of around 22% in all regions.

• A reasonable balance between a large amount of harvestable straw and a high propor-
tion of baled straw (over 80% on average) was reached at 1400 t·year−1 harvestable straw
with the baling capacity of 15 t·h−1 (one baler) and a baling period to mid-September.

• An 80% proportion of baled straw is not standard. A lower ratio, e.g., around 60% on
average, would be reached at 2800 t·year−1 harvestable straw with the same baling
capacity.

• A rough estimate showed that approximately 25% of days in the baling season were
effective baling days on average. Matching factors between sufficiently dry swathed
straw amount and the baling system set restrictions on utilising most of the available
baling time.

• In one to two baling seasons out of 10, the proportion of baled straw was reduced to
about 60% or less, even for an “optimised" system with the baling capacity of 15 t·h−1,
1400 t·year−1 harvestable straw and a baling period of 45 days per year.

• A baling system where a high proportion of harvestable straw is baled in most years
requires the number of available working days for the operation to be greater than the
average number of effective baling days that a given amount of straw demands with
a certain baling capacity.

• The most uncertain item of this study was the prediction of changes in straw mois-
ture content for the swathed straw, due to the complexity of straw wetting and
drying processes.

Author Contributions: Conceptualization and methodology, C.G., N.J. and M.S.; software and data
curation, A.d.T.; writing—original draft preparation A.d.T. and M.S.; writing—review and editing
C.G., N.J. and M.S.; supervision, C.G.; project administration, C.G.; funding acquisition, C.G. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Swedish Energy Agency, project grant number 45910-1
“Residues from cereal production for the Swedish biobased industry”.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: Authors would like to thank Fredrik Johansson, Executive Manager and Agri-
cultural Contractor, for the valuable information on straw handling under practical conditions and,
the Researcher, Martin Knicky (RISE) for his contribution in the straw moisture determinations in the
field experiment.

Conflicts of Interest: The authors declare no conflict of interest.

110



Sustainability 2021, 13, 9449

Appendix A. Model for Estimating Moisture Content of Swathed Cereal Straw

The baling requirement of low straw moisture content means that weather has
a great influence on when this operation can be carried out. Several researchers have
used models to investigate how weather affects moisture contents of straw or hay in the
field (e.g., [40,41,61–64]).

A model developed in Sweden [40,41] was used in this study. It divides straw moisture
into bound and free water according to an idea of Atzema) [64]. Bound water follows
relative air humidity with some delay, and increases when air relative humidity is higher
than the equilibrium moisture content of straw, or vice versa. Free water is related to
dew and precipitation so that the potential evapotranspiration (E) equation can be used to
estimate the effects of drying and wetting processes. If E > 0 free water evaporates, and
when E < 0 water vapour condenses to dew. Table A1 presents the equations applied in
this study for estimating the moisture content of swathed cereal straw. A complete model
description can be found in Nilsson & Karlsson [40] and Nilsson & Bernesson [41].

Table A1. Moisture model equations for swathed cereal straw *.

Process Condition Equations (Time Step = One Hour) Value of Parameter

Quantity of bound water at
equi-librium moisture content qeq ≤ 0.30 qdm qeq(t) = qdm

( −A
ln RH(t)

)1/B A = 582.3
B = 2.69

Quantity of bound water
qb(t) ≥ 0 and

qb(t) ≤ 0.25 qdm

qb(t) =
qeq(t) + qeq(t − 1) + qeq(t − 2)

3

Change in dew water due to
dew ** E < 0 Δqd(t) = E(t)

Change in dew water due to
evaporation ** E ≤ 0 Δqd(t) = −E(t)

Quantity of water due to dew qd(t) ≥ 0 qd(t) = qd (t − 1) + Δqd(t)

Change in precipitation water
due to absorption P > 0 Δqpa(t) = Ict(t)(1 − e−

bP
Ic(t) )

where Ic(t) = qdm(McMax − Mc(t − 1))

b = 0.45

McMax = 3.5

Change in precipitation water
due to evaporation ** E > 0 Δqpe(t) = E(t)

(
1 − e−cqp(t−1)

)
c = 0.35

Quantity of water due to
precipitation qp(t) ≥ 0 qp(t) = qp(t − 1) + Δqpa(t)− Δqpe(t)

and: if (qb(t) + qd(t) + qp(t)) > 3.5 qdm then qp(t) = 3.5 qdm − qb(t) − qd(t)

Actual moisture content,
decimal (dry base) Mc(t) ≤ 3.5 Mc(t) =

qb(t) + qd(t) + qp(t)

qdm

*: For further information on the model, see Nilsson & Karlsson [40] and Nilsson & Bernesson [21,41]. **: If weather data are available, the
potential evapotranspiration computation may be facilitated by programmes obtainable on the internet (e.g., [65]).
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where:

qeq(t): quantity of water at equilibrium moisture content at time t, kg·m−2

qdm: quantity of dry matter (straw), kg·m−2

RH(t): air relative humidity at time t, decimal
qb(t): quantity of bound water at time t, kg·m−2

qeq(t), qeq(t − 1), qeq(t − 2): quantity of bound water at time t, t − 1, t − 2, kg·m−2

Δqd(t): change in absorbed or dried dew water per time step (one hour), kg·m−2 h−1

E(t): potential evapotranspiration of water at time t, mm h−1 (or kg·m−2 h−1);
qd(t): quantity of dew water at time t, kg·m−2

Δqpa(t): change in precipitation water due to absorption per time step (one hour), kg·m−2 h−1

Ic(t): interception storage capacity at time t, kg·m−2

P: precipitation, mm/h (or kg·m−2 h−1)
McMax: maximal moisture content of straw: 3.5 (dry base) (empirical determination)
Δqpe(t): change in precipitation water due to evaporation per time step (one hour), kg·m−2 h−1

qp(t): quantity of precipitation water at time t, kg·m−2

Mc(t): actual moisture content of straw at time t, decimal (dry base).

Parameter “b” in Table A1 is related to the hourly increase of water from precipitation,
i.e., how much water straw absorbs from it. The higher the value, the higher the estimated
absorbed water. In this study, the parameter “b” was set to 0.45 in the model, which is the
value used by Nilsson & Bernesson [21].

Parameter “c” (Change of precipitation water due to evaporation), is related to hourly
moisture decrease from precipitationI, i.e., the higher the value, the faster the estimated
drying process due to evaporation. Nilsson & Bernesson [21], in their study on Dynamic
simulation of handling systems, set this parameter to 0.85, but in their report on straw Moisture
characteristics, values from 0.35–1.05 are given by Nilsson & Bernesson, [41]. All parameter
values in this range showed a high correlation between measured straw moisture content
and simulated values. In this study, the parameter “c” was set to a lower value (0.35), which
is more in line with the field experiment conducted in Uppsala in August 2019 (Figure 2),
to ensure that the model did not overestimate the drying process after precipitation.

The parameter variations between different studies indicate that the drying or wetting
processes for swathed straw are complex, depending on many factors (including weather,
swath properties, weed amount, swath compaction, nitrogen fertilisation, fungal treatment,
etc.) that are difficult to capture in a simulation model.

As a hygroscopic material, straw dries out or moistens if the straw moisture content
is not in equilibrium with surrounding air relative humidity (without considering rain
or dew). In Sweden, the recommendation is to bale cereal straw at a maximum of 18%
(w.b.) moisture content, to reduce the risk of mould development and heat generation. At
this humidity, the straw moisture content is in equilibrium with air relative humidity of
between 80 and 90%, depending on temperature and whether the moisture equilibrium
was reached by drying (desorption) or moistening (adsorption). In experiments comparing
the processes, the equilibrium moisture content of wheat straw has been found to be 1.5–2%
lower for the moistening process within a certain range of air relative humidity, due to the
so-called hysteresis effect [47,48]. Thus, an 18% moisture content is reached at lower air
relative humidity when the straw is drying than wetting.

A Swedish study examining the drying process of wheat and barley straw reported
that an 18% (w.b.) equilibrium moisture content was reached at 80% relative humidity at
10 ◦C and 83% relative humidity at 20 ◦C [52].

The model used in this study predicts equilibrium moisture content of straw based
on the humidification process, resulting in 18% (w.b.) moisture content relating to 85–90%
air relative humidity [41]. If a baling operation is carried out when the straw moisture
content is in equilibrium with such a high relative humidity level (85–90%), there is a risk
of mould development in bales stored at temperatures higher than 5 ◦C [45], which occur
commonly during the baling season in Sweden (August–September). At lower relative
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humidity, for example, 80%, mould development is strongly inhibited at temperatures of
10 ◦C or lower [44–46]. These temperatures are not uncommon from the end of August in
the regions analysed in this study. Accordingly, the moisture content that is in equilibrium
with 80% air relative humidity, i.e., 18% (w.b.), was used as the moisture ceiling for straw
baling operations in the drying process but 16% was used in the model that based moisture
estimation on the moistening process. Thus available baling time was unlikely to be
overestimated, which would probably lead to a higher proportion of baled straw for the
baling systems analysed.
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Abstract: This study investigates the pyrolysis behavior and reaction kinetics of two different types
of solid digestates from: (i) sewage sludge and (ii) a mixture of sewage sludge and lignocellulosic
biomass—Typha latifolia plant. Thermogravimetric data in the temperature range 25–800 ◦C were
analyzed using Flynn–Wall–Ozawa and Kissinger–Akahira–Sunose kinetic methods, and the thermo-
dynamic parameters (ΔH, ΔG, and ΔS) were also determined. Biochars were characterized using
different chemical methods (FTIR, SEM–EDS, XRD, heavy metal, and nutrient analysis) and tested
as soil enhancers using a germination test. Finally, their potential for biosorption of NH4

+, PO4
3−,

Cu2+, and Cd2+ ions was studied. Kinetic and thermodynamic parameters revealed a complex
degradation mechanism of digestates, as they showed higher activation energies than undigested
materials. Values for sewage sludge digestate were between 57 and 351 kJ/mol, and for digestate
composed of sewage sludge and T. latifolia between 62 and 401 kJ/mol. Characterizations of biochars
revealed high nutrient content and promising potential for further use. The advantage of biochar
obtained from a digestate mixture of sewage sludge and lignocellulosic biomass is the lower content
of heavy metals. Biosorption tests showed low biosorption capacity of digestate-derived biochars
and their modifications for NH4

+ and PO4
3− ions, but high biosorption capacity for Cu2+ and Cd2+

ions. Modification with KOH was more efficient than modification with HCl. The digestate-derived
biochars exhibited excellent performance in germination tests, especially at concentrations between 6
and 10 wt.%.

Keywords: digestate; pyrolysis; kinetics; thermogravimetric analysis; biochar characterization;
germination test; biosorption

1. Introduction

The continuous growth of the human population is correlated with an increase in pri-
mary energy consumption, where the main sources of energy are (still) of fossil origin, and
are responsible for the majority of greenhouse gas (GHG) emissions into the atmosphere [1].
Renewable energy sources, such as solar [2], wind, geothermal, hydropower energy, and
energy recovered from biomass and different wastes [3], are promising alternatives to fossil
fuels, offering solutions to the above challenges. Renewable energy is environmentally
friendly [4] and more sustainable than non-renewable energy [5].

Many researchers address issues related to energy resources and energy recovery in
their studies. Some deal with waste-to-energy recovery and sustainable waste manage-
ment [6], others attempt to find the right programming approach, with an optimal mix of
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power generation for socioeconomic sustainability [7]. Others aim for progress towards
circular economy models that optimize the use of renewable energy (e.g., biomethane from
waste) [8]. Promoting the production of renewable resources and converting them into
valuable products and bioenergy to satisfy sustainable development is also the goal of the
European Bioeconomy Strategy, which was accepted by the European Commission [9].
The bioeconomy aims to replace non-renewable resources with bio-based alternatives,
emphasizing the introduction of bio-based energy and material to reduce environmental
risks [10].

One of the biggest environmental challenges, in addition to increasing energy con-
sumption, is the problem of large quantities of sewage sludge generated during the opera-
tion of wastewater treatment plants as a result of increasing demand for clean water [11].
The most common disposal processes for sewage sludge are landfills, agricultural applica-
tions, and incineration [1]. Alternative, more environmentally friendly processes should
be developed, due to stricter regulations and the environmental impacts associated with
sewage sludge. Since sewage sludge has a relatively high calorific value and organic matter
content, its waste-to-energy valorization technologies, such as anaerobic digestion [12],
hydrothermal carbonization [13] and pyrolysis, are gaining attention [14].

Lignocellulosic biomass is recognized as one of the most sustainable alternative energy
sources that contributes considerably to the reduction of GHG emissions [15]. Different
types of lignocellulosic biomass can be used for energy recovery. The plant Typha latifolia
(cattail) is one of the lignocellulosic feedstocks with high potential for energy recovery
due to its special characteristics, such as high carbon content, high C:N ratio, and high
yield due to rapid growth [16]. The T. latifolia plant grows on marginal lands and wetlands
around the world, making it a low-cost biomass resource. Despite the significance of
T. latifolia, there are not many studies related to energy recovery from it. Ciria et al. made
an assessment of its potential as a biomass fuel by thermochemical characterization of a
wetland produced biomass [17], while Grosshans studied the compression of cattail into
compacted fuel products, wherein the combustion experiments showed that its calorific
value is comparable to that of commercial wood pellets [18]. Hu et al. studied the potential
of T. latifolia for methane production by anaerobic mono-digestion [19], and its performance
in biogas production when co-digested with sewage sludge, including nutrient recovery
from the obtained digestate, has also been investigated in an earlier study by the authors of
the current work [20]. The efficiency of hydrothermal carbonization to produce hydrochar
from cattail [21] and cattail digestate [22], and liquefaction processes to produce bio-oil [23]
were also examined. Ahmad et al. studied the pyrolytic behavior of cattail and its thermal
degradation process [24].

Various processes have been applied to convert biomass into energy, such as ther-
mochemical processes including incineration, pyrolysis, torrefaction, hydrothermal car-
bonization and liquefaction [4], and biological processes, such as anaerobic digestion [19].
Of these technologies, pyrolysis and anaerobic digestion are among the most promising
methods for conversion of sewage sludge [11], as well as lignocellulosic biomass into
valuable products [15]. The coupling of anaerobic digestion and pyrolysis in an integrated
process provides an opportunity to obtain higher bioenergy recovery compared to single
processes [25], especially when using lignocellulosic biomass [15].

Anaerobic digestion is the process in which biomass, with the help of anaerobic
microorganisms, is converted into biogas, mostly methane, which can be used for heat
and/or electricity generation [11] or upgraded to biomethane [26]. The enormous potential
biomethane production represents a sustainable way towards the decarbonization of the
transport sector [27]. Anaerobic digestion and methane production can be enhanced by pre-
treatment of feedstocks or the addition of natural enzymes and microorganisms, such are
those in cattle rumen fluid [19]. A by-product of anaerobic digestion is digestate, which can
be applied as fertilizer as it contains valuable nutrients, such as nitrogen, phosphorus and
potassium for plant growth, although the possible presence of pathogens and heavy metals
could limit such application [28]. The separation of digestate into solid and liquid parts

118



Sustainability 2021, 13, 9642

is also possible, where the solid part can be used in the pyrolysis process [25]. Pyrolysis
is an endothermic process that occurs in an inert atmosphere, during which biomass is
converted into three fractions: char, oil, and a gaseous fraction that is represented mainly
by CO2, H2 and CO [15]. During the degradation process, the organic matter undergoes a
series of complex reactions, generating volatile products and condensed molecules, which
finally leads to char formation [29]. The pyrolysis process and the characteristic of the
products depend on various factors, especially the pyrolysis temperature, and the type
and composition of biomass used [30]. Cellulose and hemicellulose in the lignocellulosic
materials mostly contribute to bio-oil production, while lignin mainly contributes to biochar
formation [31]. Lignocellulosic feedstocks usually require pre-treatment to enhance the
pyrolysis efficiency, where chemical, thermal, or biological methods can be applied [15].
Pyrolysis is a particularly promising technology for sewage sludge management due to the
reduction of sewage sludge volume, stabilization of heavy metals in the solid residue [32],
and elimination of pathogens [33]. Compared to combustion, pyrolysis appears to be less
polluting as most hazardous trace elements are retained in the biochar [34].

Thermogravimetric analysis (TGA) is widely employed to investigate the behavior
of biomass during pyrolysis and the related degradation mechanisms [35]. The pyrolysis
behavior of various biomasses and waste materials has been explored in detail using
TGA, such as that of sewage sludge, animal manure [36], rice husks [33], miscanthus [37],
and others. To determine the kinetic and thermodynamic parameters of the pyrolysis
reaction, iso-conversional methods, such as the Flynn–Wall–Ozawa (FWO), Kissinger–
Akahira–Sunose (KAS), and Friedman methods could be applied, besides model-fitting
methods, such as the Coats–Redfern method [38]. The advantage of iso-conversional
methods is that they do not require prior knowledge of the reaction mechanism [4]. Various
studies have attempted to describe the kinetic and thermodynamic behavior of sewage
sludge pyrolysis [39–41], while only a few were dedicated to the pyrolysis kinetics of
sewage sludge digestates [34,42,43]. The FWO and Vyazovkin kinetic models have been
used to determine the activation energy of pyrolysis of sewage sludge digestate or co-
digestate of sewage sludge and grease waste, although the thermodynamic parameters
have not been determined [42]. In another study, a FWO model was applied to describe
the combustion of sewage sludge digestate [43]. The nth-order reaction model was used
to calculate the activation energy and pre-exponential factor for sewage sludge digestate
pyrolysis and combustion [34]. In contrast to sewage sludge digestates, kinetic studies
dedicated to lignocellulosic digestates [25,44] and swine manure digestate [45] are more
widely available.

Although pyrolysis is primarily intended for energy valorization, it has the added
benefit of char production as a valuable carbon product. In recent years, a number of
studies have been published on the characterization of biochars [46], the impact of feedstock
type [47–49], and the operation conditions [50], including the pyrolysis temperature [51,52]
on the properties and quality of the resulting biochars. Special attention was paid to the
study of the impact of pyrolysis conditions on the toxicity and environmental safety of
potentially toxic elements (heavy metals and others) in the biochars [53]. Sewage sludge
and its solid digestate are promising feedstocks for the production of low-cost biochar that
can be applied for various purposes, such as adsorbent or soil enhancer [46]. To improve
the quality of biochar, sewage sludge can be co-pyrolyzed with other organic biomass, for
example manure [36], rice husks [54], or any other biomass.

Biochar can be used for a variety of purposes, such as carbon sequestration [55], soil
improvement as a fertilizer, pollution remediation, and with proper modification it can be
used as a catalyst or supercapacitor [56]. Regarding the biosorption potential of biochars,
studies reveal that sewage sludge derived biochars are effective in adsorption of phos-
phorus [57], ammonium and heavy metals [52], polycyclic aromatic hydrocarbons (PAHs),
emerging organic pollutants (EOPs) [56], and other micropollutants from wastewater [35].
Since the sorption ability of sewage sludge-derived biochars may be relatively low com-
pared to that of other biochars, modifications, such as chemical treatment can be applied
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to improve their sorption capacity. Modification with KOH improved the biosorption of
heavy metals by sewage sludge digestate-derived biochar [58], HCl, and FeCl3 were effec-
tive in modification of wheat straw biochar tested for ammonium biosorption [59], while
the impregnation of sewage sludge biochar with Mg, Ca, Al, Cu, and Fe demonstrated the
better sorption ability of phosphorus [60]. N-doped biochars proved to be successful in
removing emerging organic pollutants [56].

Biochar also contains significant amounts of micro- and macro-nutrients, which makes
it valuable as a soil amender. Several researchers have studied the potential of sewage
sludge biochars as soil amenders, and obtained quite diverse results, from a negative
influence on plant growth due to heavy metal toxicity [61], to a positive impact due
to nutrient enrichment of the soil [62,63]. Therefore, each biochar should be carefully
evaluated for its own specific characteristics before being used for a particular purpose.

Research Motivation and Paper Organization

Several factors motivated us to conduct the research reported on in this paper; the
literature review revealed that there are knowledge gaps in many of the areas mentioned
above. For example, there are no studies on the pyrolysis of T. latifolia digestate or its
co-digestate with other biomass, such as sewage sludge, and no studies on the co-pyrolysis
of this plant with other biomass. The data for kinetic and thermodynamic parameters are
also lacking. In addition, there is limited information about the potential of sewage sludge
digestate derived biochars for soil improvement and their impact on seed germination,
and none about biochar derived from T. latifolia. Furthermore, biosorption studies with
sewage sludge biochars are usually performed with only one ion species, while studies
with different types of ions and different biochar modifications are less common. In order
to fill the knowledge gaps mentioned above, this study investigated the thermogravimetric
behavior of two solid fractions of digestates obtained from anaerobic digestion. The
first digestate was obtained from mono-digestion of sewage sludge, while the second
digestate was obtained from co-digestion of sewage sludge and Typha latifolia (1:1 ratio).
For comparison, the analysis of undigested feedstocks was carried out. Kinetic analysis
was performed by applying two iso-conversional methods, KAS and FWO. The obtained
biochars were characterized by several analytical methods, wherein elemental, heavy metal,
and nutrient analysis, FTIR, SEM–EDS, and XRD analyses were performed. Moreover,
experiments were conducted on the further applicability of the digestate derived biochars.
The fertility potential of cress seeds exposed to different biochar concentrations was studied,
and the adsorption potential for biosorption of NH4

+, PO4
3−, Cu2+, and Cd2+ ions by

unmodified and chemically modified biochars was evaluated.
Several novelties are introduced by this work. To the best of the authors’ knowledge,

the pyrolysis kinetics of digestate composed of sewage sludge and the lignocellulosic plant
T. latifolia were investigated for the first time. Thermodynamic parameters, such as ΔH,
ΔG, and ΔS were determined as well, which cannot be found in the literature for this kind
of digestate. A significant novelty is represented by the data obtained in the germination
and biosorption tests, especially those from biochar modification, which bring valuable
information on the possible use of the obtained biochars in agriculture, water treatment,
and for other purposes.

The paper is organized as follows: Section 1 presents the study background and
motivation for the research. The materials and methods used in the experiments and
the kinetic models used in the kinetic analysis are presented in Section 2. In Section 3,
the results of the characterization of feedstocks and products (including the results of
biosorption and germination tests), as well as the results of thermogravimetric, kinetic, and
thermodynamic analyses are discussed. Section 4 summarizes the main conclusions of the
work and presents some directions for future research.
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2. Materials and Methods

In this section, first, the methods for sample preparation and characterization methods
are presented; further, the procedure for TGA is presented, and the models used in kinetic
and thermodynamic analyses are introduced. Finally, the procedures for the biosorption
and cress seed germination tests using digestate-derived biochars are described.

2.1. Preparation and Characterization of Feedstocks and Products

TGA experiments were conducted on two different solid fractions of digestates, di-
gestate from mono-digestion of sewage sludge and from co-digestion of sewage sludge
and the T. latifolia plant. In addition, raw sewage sludge and T. latifolia were analyzed
for comparison.

2.1.1. Feedstocks Preparation

The solid fractions of digestates were obtained from anaerobic digestion experiments
performed in 1 L batch reactors under mesophilic conditions (42 ◦C) with a retention time of
50 days. Digestate D1 was obtained from mono-digestion of sewage sludge, while digestate
D2 was from co-digestion of sewage sludge and Typha latifolia plant (cattail). The composi-
tion of the samples on a dry matter basis (d.m.) used in the anaerobic digestion from which
digestates D1 and D2 were obtained is shown in Table S1 in the supplementary material.

The ratio between substrate and inoculum was 1:1 (15:15 g on a dry matter basis).
To both samples, 50 mL of cattle rumen fluid was added to promote fermentation and
degradation of the lignocellulosic components. The mixtures were diluted with a buffer
solution [64] to achieve a dry matter content of 6 wt.% in each reactor. The dewatered
sewage sludge sample was collected from a local municipal wastewater treatment plant
with tertiary biological treatment of wastewater with the capacity of 68,000 PE. Typha
latifolia was gathered near a small river in the eastern part of Slovenia and cut into small
pieces (0.5 cm × 0.5 cm). The inoculum was obtained from a biogas plant producing biogas
from poultry manure. Cattle rumen fluid was acquired from a nearby slaughterhouse. The
results of biogas production by anaerobic digestion are presented in our previous work [20].
After the anaerobic digestion process was stopped, the obtained digestates were separated
into two parts, liquid and solid fractions, by centrifugation (Eppendorf 5804 R centrifuge,
7500 rpm, 8 min). The solid fractions of digestates D1 and D2 were dried at 105 ◦C in a
laboratory dryer until constant weight, then ground and stored in a desiccator until further
use in the thermogravimetric study. Undigested sewage sludge (SS) and T. latifolia were
likewise dried and ground before being used in TGA.

2.1.2. Characterization of Feedstocks and Biochars

The basic characteristics of the feedstocks (digestates D1 and D2, raw sewage sludge,
and T. latifolia plant) and their biochars were determined, such as proximate, ultimate, and
heavy metal analyses. Moisture and dry matter content were determined according to the
corresponding standard [65]. Ash content was determined as mass percentage of residues
after combustion of the samples at 800 ◦C in a furnace for 4 h. Volatile matter (VM) was
determined by measuring the weight loss after combustion of the samples in a furnace at
900 ◦C for 1 h. The fixed carbon (FC) was calculated as:

FC (wt.%) = 100 − VM − Ash (1)

Higher heating value (HHV) was determined experimentally by combustion of the
samples in a bomb calorimeter calibrated by combustion of certified benzoic acid [66].
Besides experimental values, the theoretical HHV values were also calculated. Several
correlation models were established to estimate the HHV of biomass using the proximate
values of biomass. The following equation was used in this study [67]:

HHV
(

MJ
kg

)
= 0.3491·C + 1.1783·H + 0.1005·S − 0.1034·O − 0.0151·N − 0.0211·Ash (2)
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where C, H, N, O, S, and Ash are the dry basis weight percentages of carbon, hydrogen,
nitrogen, oxygen, sulfur, and ash in the solid samples.

The Elemental Analyzer PerkinElmer Series II 2400 was used to determine the carbon,
hydrogen, nitrogen, and sulfur contents. The oxygen content was calculated as:

O = 100 − C − H − N − S − Ash (all in wt.%) (3)

Before and after TGA, the content of heavy metals and elements K+, Ca2+, and Mg2+

was measured in the samples by inductively coupled plasma–optical emission spectrometry,
ICP–OES [68]. The pH value of the biochars was determined as the pH value of the solution
containing biochar at the mixing ratio biochar/deionized water = 1:20 (w/v).

The feedstocks and biochars were characterized using Fourier-transform infrared
spectroscopy (FTIR) to study the functional groups present on the sample surface. For
FTIR analysis, each dry sample was mixed with KBr (at a ratio of 1:30) and pressed
into tablet form. The FTIR spectra were then recorded using a Shimadzu IRAffinity
FTIR spectrophotometer (Japan). Scanning Electron Microscopy (SEM) analysis and X-ray
powder diffraction (XRD) analysis were additionally used to characterize the biochars. XRD
analysis was performed at room temperature with parameters of 2Theta from 10◦ to 70◦
and a scan rate of 0.033◦ s−1 (XRD, D-5005 diffractometer of Bruker Siemens manufacturer,
Karlsruhe, Germany). SEM combined with Energy Dispersive X-ray Spectroscopy (EDS)
analysis was used to identify the surface morphology and composition of the biochars. The
specimens were observed using a Sirion 400 FEI scanning electron microscope equipped
with an energy dispersive microanalysis system (EDS Oxford INCA 350). The surface
area of biochars and the pore size were determined using N2 adsorption by means of a
Micromeritics Tristar II 3020 porosimeter. The Brunauer–Emmett–Teller (BET) method was
used for surface area determination and the Barrett, Joyner, and Halenda (BJH) model for
pore size distribution.

2.2. Thermogravimetric Analysis (TGA) and Pyrolysis of Feedstocks

TGA was performed on the following feedstocks: digestates D1 and D2, undigested
sewage sludge (SS) and T. latifolia plant (TLP). Biochar derived from undigested sewage
sludge was designated as “B-SS”, biochar from T. latifolia plant as “B-TLP”, biochar from
digestate D1 as “B-D1”, and biochar from digestate D2 as “B-D2” (see Table 1).

Table 1. Feedstocks and experimental conditions used in the thermogravimetric analysis.

Feedstock Biochar Mark Pyrolysis Conditions Tested Heating Rates

Sewage sludge
digestate (D1) * B-D1 25–800 ◦C,

inert atmosphere
(nitrogen flow of 100

mL/min)

15, 30, and
100 ◦C/min

Digestate of sewage
sludge mixture with

T. latifolia plant (D2) *
B-D2

Sewage sludge (SS) B-SS
T. latifolia plant (TLP) B-TLP

* Solid fraction of digestate.

The TGA studies were carried out using the TGA/SDTA851e thermogravimetric
analyzer (Mettler Toledo) in the temperature range from 25 to 800 ◦C under an inert
atmosphere, ensured by a constant nitrogen flow of 100 mL/min. Samples weighing about
25 ± 1 mg, were exposed to the slow pyrolysis process at the following heating rates β: 15,
30, and 100 ◦C/min. These heating rates were chosen to cover as wide a range of the “slow
pyrolysis” area as possible and promote the formation of solid biochar as the main product,
rather than the liquid product normally formed at higher heating rates. From the results of
TGA the TG curves (mass weights vs. temperatures) and derivative (DTG) curves were
constructed using the MS Excel software tool.
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For the germination and biosorption tests and characterization studies (XRD, FTIR,
and SEM–EDS analyses), the biochar samples were obtained by pyrolysis of feedstocks at
800 ◦C in a tube furnace under an inert atmosphere at a heating rate of 15 ◦C/min. The
biochars, after achieving the desired temperature, were kept in a furnace for another 30 min
under the same conditions. After cooling to room temperature, the biochars were stored in
a desiccator until further use.

2.3. Kinetic and Thermodynamic Analysis

The kinetic study was performed using the Kissinger–Akahira–Sunose (KAS) and
Flynn–Wall–Ozawa (FWO) models. The thermodynamic analysis was further carried out
based on the obtained kinetic parameters from the KAS and FWO models.

2.3.1. Kinetic Models

For the kinetic analysis of the thermogravimetric data obtained in this study, the KAS
and FWO models were used, since they are less susceptible to errors than differential
iso-conversional methods, such as the Friedman method [69]. Since both models have been
explained in detail in the literature, only the final expression of the temperature integral is
presented here. The FWO kinetic model, which uses the Doyle equation to approximate
the temperature integral, is described by Equation (4) [70]:

ln[β] = ln
[

A·Eα

R·g(α)
]
− 5.331 − 1.052

Eα

R·T (4)

The KAS kinetic model [37] is given by Equation (5):

ln
[

β

T2

]
= ln

[
R·A

Eα·g(α)
]
− Eα

R·T (5)

To determine the kinetic parameters for the selected conversion point (α), the left sides
of Equations (4) and (5) were plotted on the y-axis against the (−1/RT) on the x-axis. The
activation energy Eα was then calculated from the value of the slope of the linear plots
using the KAS and FWO methods.

Since iso-conversional methods are often limited to estimate the pre-exponential
factor A and predict the reaction model, Kissinger developed a model-free non-isothermal
equation to determine the pre-exponential factor [41], described by Equation (6):

A =

[
β·Eα·exp

(
Eα

RTp

)]
/
(

RT2
p

)
(6)

2.3.2. Thermodynamic Parameters

The thermodynamic parameters of biomass decomposition such as the change in
enthalpy ΔH (kJ/mol), Gibbs free energy ΔG (kJ/mol), and entropy ΔS (kJ/mol·K), can be
calculated based on the previously obtained kinetic parameters using Equations (7)–(9) [54]:

ΔH = Eα − RT (7)

ΔG = Eα + RTp ln
(

KBTp

hA

)
(8)

ΔS =
ΔH − ΔG

Tp
(9)

where KB represents Boltzmann constant (1.381 × 10−23 J/K), Tp represents peak temper-
ature of the DTG curve (K) at a given heating rate, and h represents the Planck constant
(6.626 × 10−34 Js) [71].
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2.4. Cress Seed Germination Test

Since seed germination is a critical step in a plant’s life cycle [72], the cress seed
germination test was conducted to investigate the potential of digestate-derived biochars
(B-D1 and B-D2) for use as soil enhancers and to evaluate their toxicity to plants. To
examine the response of plants to the obtained biochars according to the corresponding
standard [73], 10 cress seeds (Lepidium sativum L.) were placed in each petri dish containing
peat and then exposed to different concentrations of biochars for 72 h under controlled
conditions (25 ◦C, absence of light). The following concentrations of biochars B-D1 and
B-D2 were tested: 2, 6, 10, and 15 wt.%. Experiments were performed in triplicate for
each concentration. A control sample containing water-soluble fertilizer with essential
macronutrients (N:P2O5:K2O = 15:10:20, concentration of 1.5 g/L) was also prepared to
compare the results. Based on the results of the growth test, the root length (RL) index was
calculated using the equation described by Chemetova et al. [74] and Munoo-Liisa vitality
(MLV) index, using the equation given by Maunuksela et al. [75].

2.5. Adsorption Tests

The biosorption potential of the digestate-derived biochars (B-D1 and B-D2) was
evaluated by an adsorption test. The adsorption of NH4

+, PO4
3−, Cd2+, and Cu2+ ions was

studied at pH 7 and at constant temperature (22 ◦C). The pH 7 was chosen because the
pH of aquatic solutions or wastewater is usually close to the neutral value. Experiments
were conducted in 100 mL conical flasks containing 0.05 g of biochar and 50 mL of water
solution with the initial ion concentration of 50 mg/L. The flasks were placed on an orbital
shaker and shaken at 200 rpm for 24 h. The Cd2+ and Cu2+ contents in the solution were
determined by ICP–OES, while the NH4

+ and PO4
3− contents were determined spectropho-

tometrically using the standards DIN 38 406-E5-1 [76] and SIST EN ISO 6878:2004 [77].
Before analyses, samples were filtered through 0.45 μm filters.

To enhance biosorption capacity, the biochars were chemically modified with 2 mol/L
KOH or HCl solution. For this purpose, 2 g of biochar was exposed to 50 mL of modi-
fication solution, which was shaken for 2 h. After modification, the biochar was rinsed
several times with distilled water and dried at 105 ◦C before being used in the adsorption
tests. Three different types of each biochar (each in two parallel runs) were tested for
adsorption: unmodified, HCl modified, and KOH modified biochar. The removal efficiency
of particulate ion species from the aqueous solution and the amount of ion adsorbed on
the biochar (biosorption capacity) were calculated from the reduction of ion concentration
in the solution using standard equations described in Tang et al. [78].

3. Results and Discussion

In this section, the proximate and ultimate analyses of the feedstock materials are
presented and the results of the TGA are introduced. Further, the results of the kinetic
analysis by applying KAS and FWO kinetic models are presented, and the thermodynamic
parameters are noted. Finally, the results of the characterization of the pyrolysis products
are described.

3.1. Characterization of Feedstock Materials

The results of proximate and ultimate analyses, heavy metals, and other parameters
for the feedstocks used in this study (sewage sludge, T. latifolia plant, and digestates D1
and D2) are shown in Table 2.

In general, the digestates have higher ash content and lower volatile matter, carbon,
and hydrogen content than undigested SS and TLP. Solid digestates D1 and D2 contained
58% and 60% volatiles, while undigested SS contained 71% and TLP 79%. The lower
percentage of volatiles is a consequence of pre-treatment with the anaerobic digestion. Ash
content was highest in the digestates (D1–36%, D2–31%), lower in SS (18%) and lowest in
TLP (7%). On the other hand, TLP contained the highest content of fixed carbon (13%),
followed by SS (11%) and both digestates (D1–7%, D2–9%).
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Table 2. Proximate, ultimate, and heavy metal analysis of the feedstocks.

Parameter
Sewage Sludge

(SS)
T. latifolia Plant

(TLP)
Digestate D1 a Digestate D2 a

Dry matter (wt.%) 17.42 19.77 12.16 14.38
Moisture content

(wt.%) 82.58 80.23 87.84 85.62

Volatile matter
(wt.%) b 70.99 79.42 57.87 60.18

Ash (wt.%) b 18.48 7.31 35.66 31.08
FC (wt.%) b 10.52 13.27 6.47 8.74

HHV (MJ/kg) 19.91 17.02 12.75 12.64
HHVtheoretical

(MJ/kg) 19.93 20.50 13.01 13.30

C (wt.%) 42.30 45.79 31.90 34.83
H (wt.%) 6.75 7.10 4.15 3.73
N (wt.%) 8.10 3.63 4.35 3.58
S (wt.%) 1.16 0.49 1.35 1.09
O (wt.%) 23.21 35.68 22.59 25.69

H/C c 1.91 1.86 1.56 1.29
O/C c 0.41 0.58 0.53 0.55
N/C c 0.16 0.07 0.12 0.09

P (wt.%) 2.61 0.57 1.01 0.86
Ca (wt.%) 2.04 1.45 5.35 4.87
Mg (wt.%) 0.82 0.32 0.34 0.26
K (wt.%) 0.82 3.44 1.15 1.18
Si (wt.%) 0.14 0.04 0.09 0.05
Fe (wt.%) 0.88 0.18 0.31 0.21

Cd (mg/kg d.m.) 1.03 1.05 <1 <1
Crtotal (mg/kg d.m.) 45.15 1.42 38.58 30.69

Cu (mg/kg d.m.) 173.61 6.24 165.59 153.10
Ni (mg/kg d.m.) 25.35 1.68 17.10 13.07
Pb (mg/kg d.m.) 26.66 2.10 15.85 12.04
Zn (mg/kg d.m.) 740.79 26.73 596.36 489.40

a Solid fraction, b on a dry basis, c molar ratio.

Elemental analysis revealed higher content of C in raw SS and TLP (42 and 46%) than
in digestates (D1-32%, D2-35%). Undigested SS contained around 8% N, while TLP and
digestates contained about half of this. The content of sulfur in the samples was low. The
content of heavy metals was highest in the case of undigested SS, while digestates D1 and
D2 contained slightly lower content of heavy metals. Among the heavy metals detected,
the highest concentrations belonged to Zn and Cu, with Ni, Pb, Cr, and Cd also detected.
Otherwise, the raw SS satisfies the limit values of heavy metals set in the Slovenian decree
on the use of sewage sludge in agriculture [79] and, thus, could be used for agricultural
purposes. TLP exhibited low content of heavy metals, and a high content of K+ ions. The
SS and digestates were rich in nitrogen as well as other nutrients, such as P, Mg, and Ca.
Therefore, they could potentially be used as alternative sources for nutrient recovery or as
soil enhancers. Further comparison of the digestates D1 and D2 revealed that digestate D2
contained lower content of H, N, and S elements, a lower amount of ash and heavy metals,
and higher content of carbon, fixed carbon, and volatile matter.

The calorific value, i.e., higher heating value (HHV) reflects the amount of energy
that can be released from a form of biomass when it is subjected to combustion, therefore,
the determination of HHV is important as it provides valuable information regarding
the bioenergy potential of the biomass [80]. The experimental HHV of both digestates
was ~13 MJ/kg, which is lower than the HHV of sewage sludge (20 MJ/kg) and TLP
(17 MJ/kg). Both sewage sludge and TLP show similar calorific values as reported in the
literature. Values between 11 and 22 were reported for SS [81], and the value of 18 MJ/kg
was found for TLP [24]. The values are comparable with the values of other energy crops
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such as miscanthus (19 MJ/kg) and wheat straw (16 MJ/kg) [81]. Regarding the HHV of
SS digestates, different values were found, from relatively high, 17 MJ/kg (Aragon-Briceno
2017), 18 MJ/kg [34] and 16 MJ/kg [43], to relatively low, 13 MJ/kg [42]. The theoretical
HHV were also calculated using Equation (2) developed by Channiwala and Parikh [67].
The agreement between the experimental and theoretical values for SS and the digestate
samples was good, while for TLP, the difference between the values was more significant.

However, based on their properties, the tested feedstocks have promising potential to
be applied in further thermal degradation processes for energy recovery. Since they have
quite diverse compositions, the characteristics and quality of the final products can vary
greatly.

3.2. Thermogravimetric Analysis
3.2.1. Analysis of TG and DTG Curves

Figure 1 shows TG and DTG curves for the analyzed feedstocks: digestates D1 and
D2, raw sewage sludge and lignocellulosic T. latifolia. The curves for three different heating
rates are shown: 15, 30, and 100 ◦C/min. The curve of TG represents the mass loss with
respect to temperature and the curve of DTG represents the rate of mass loss with respect
to temperature at a chosen heating rate.

Figure 1. TG and DTG curves of sewage sludge (SS), T. latifolia plant (TLP) and digestate samples D1 and D2 at heating
rates: (a) 15 ◦C/min, (b) 30 ◦C/min, and (c) 100 ◦C/min.

Generally, the TG and DTG curves of the selected samples show similar characteristics
at all three heating rates. The degradation of SS and TLP starts at lower temperatures
(~150 ◦C) than the degradation of digestates (~200 ◦C), and it also ends earlier, at around
650 ◦C. The digestate samples show lower weight loss than the raw SS or TLP, implying that
the AD pre-treatment has a significant effect on the thermal degradation of the biomass.
The overall weight loss was highest for the TLP (75.1 wt.% on average), lower for SS
(68.4 wt.%), and lowest for digestates (D1–54.1 wt.% and D2–54.6 wt.%). As TLP loses
more weight than SS or digestates, more volatile matter is decomposed, so higher oil and
gas yields than biochar yields are expected for this feedstock. The digestates gave the
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highest residue (45 wt.%) and showed quite similar TG and DTG profiles despite different
feedstock compositions.

The thermogravimetric data revealed that the decomposition of the tested feedstocks
occurred in three main stages (see Figure 1 and Table 3). The first stage (stage I) is at-
tributed to mass loss due to dehydration of the low boiling fractions, mainly evaporation
of intracellular water from the samples [82]. This occurred at a temperature interval be-
tween 25 and 200 ◦C. In this stage, the digestates lose approximately 3 wt.% of weight,
while undigested SS and TLP around 4.5 wt.% and 6.5 wt.%. The main decomposition
step, active pyrolysis (stage II), takes place in the temperature range of 200–550 ◦C, with
most organic matter volatilized in this step. The greatest weight loss for all samples was
observed in this stage (on average 40 wt.% for digestates, 59.7 wt.% for SS and 54.6 wt.%
for TLP). The weight loss of SS and TLP was faster than the weight loss of digestates. The
weight loss at this stage can be ascribed to the degradation of carbohydrates, hemicellulose
and cellulose [80]. In the case of SS feedstock, thermal degradation of amino acids and
proteins also occurred, which originates mainly from the bacteria present in the SS [14].
According to Hung et al. [28], the remaining solid residue at the end of the second stage
could contain large amounts of inorganic minerals, such as calcite (CaCO3) and calcium
phosphates (Ca3(PO4)2, Ca5(PO4)3(OH), and others). This could also apply to this study,
as the presence of these components in biochars was later confirmed by XRD analysis.
The last stage, passive pyrolysis (stage III), occurred at temperatures between 550 and
800 ◦C, where the degradation of high-temperature thermally stable components, such
as lignin components happened. In contrast to SS and TLP, the digestates in this stage
showed significant weight loss even at the highest temperatures (700–800 ◦C), which was
associated with the deep decomposition of digestates, such as refractory organic matter,
inorganic matter and char residues [12]. Decomposition of calcium carbonate and other
minerals has been reported to occur in this temperature range as well [36].

The differences in the degradation mechanisms of the studied feedstocks are more
evident from the DTG profiles. Their shape indicates that biomass decomposition incorpo-
rates more than one step. The DTG curves of the SS revealed two main overlapping peaks,
the first (~300 ◦C) being associated with lipid degradation, while the second (~380 ◦C)
is related to carbohydrate decomposition. The DTG curves of the TLP exhibited typical
patterns of thermal degradation of lignocellulosic materials, as also observed in the case of
camel grass [82], sawdust [14], or rice straw [29]. Lignocellulosic biomass usually consists
of cellulose, hemicellulose, lignin, extractives, and a small portion of inorganic mineral
matter [83]. The highest peak (~380 ◦C) corresponds to cellulose decomposition, which
occurs between 325 and 400 ◦C with levoglucosan as the main pyrolysis product [83]. The
shoulder before that peak (at ~300 ◦C) is related to hemicellulose pyrolysis, which takes
place between 250 and 350 ◦C and is represented by xylan [84]. The long tail at higher
temperatures is attributed to the decomposition of lignin, which is the most difficult to
degrade because it consists of aromatic rings, e.g., benzene rings, connected with ether
bonds, which are more stable and degrade in a wider temperature range, between 160 and
900 ◦C [5]. In the DTG profiles of the digestates, the peaks of cellulose and hemicellulose
are less emphasized, indicating the lower content of these compounds in the digestates,
which is due to their degradation during the AD process.
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Table 3. Weight loss during different decomposition stages and characteristics of DTG curves (peak temperature Tp and
maximum value of the derivative curve DTGmax) for the tested samples.

Sample
Heating

Rate
(◦C/min)

Weight Loss (wt.%) Total
Weight

Loss
(wt.%)

Final
Residue
(wt.%)

Tp (◦C) DTGmax
(1/s)Dehydration

(Stage I)

Active
Pyrolysis
(Stage II)

Passive
Pyrolysis
(Stage III)

Digestate
D1

15 2.70 40.44 13.33 56.47 43.53 299 5.31 × 10−4

30 3.12 41.47 10.60 55.18 44.82 332 1.06 × 10−3

100 2.09 41.79 6.83 50.71 49.29 380 3.44 × 10−3

Digestate
D2

15 2.63 40.49 16.72 59.85 40.15 306 5.84 × 10−4

30 3.51 37.19 13.78 54.48 45.52 312 8.79 × 10−4

100 3.18 38.47 7.89 49.54 50.46 362 3.32 × 10−3

Sewage
sludge (SS)

15 7.05 56.79 3.96 67.80 32.20 292 7.17 × 10−4

30 4.23 59.34 3.94 67.51 32.49 311 1.51 × 10−3

100 3.38 63.01 3.45 69.85 30.15 359 5.28 × 10−3

T. latifolia
plant (TLP)

15 7.22 54.96 13.37 75.55 24.45 347 1.89 × 10−3

30 5.60 55.85 12.91 74.36 25.64 359 2.80 × 10−3

100 7.17 55.45 12.81 75.44 24.56 408 1.18 × 10−2

Detailed characteristics of the DTG curves, including the pyrolysis peak temperatures
(Tp) and the maximum values of the DTG curves (DTGmax) for the analyzed samples are
presented in Table 3. The pyrolysis peak temperatures and DTGmax values were highest
for TLP, while the other three SS-based feedstocks showed lower, but comparable values.
For all feedstocks, a shift in Tp for about 60 ◦C was observed when the heating rate was
increased from 15 to 100 ◦C, reflecting that the heating rate affects the Tp, and the pyrolysis
process. The maximal value of DTG at a heating rate of 100 ◦C/min for the chosen sample
was higher than that at 15 ◦C/min, suggesting that the heating rate enhances the thermal
decomposition rate of the sample. This applies to all samples. Comparison of SS and
digested SS (sample D1) showed that AD caused an increase in Tp and DTGmax values.
Similar observations regarding the effect of AD on these two parameters were found in
one of the previous studies [12].

The findings associated with the degradation of the feedstocks used in this study are
in agreement with the findings on the thermal degradation of sewage sludge [14,40], SS
digestate [43], T. latifolia [24], as well as grass and its digestate [85].

3.2.2. The Influence of the Heating Rate

The heating rate plays an important role in the pyrolysis process, since the rate of
change of heat affects the characteristics of pyrolysis products, especially biochar charac-
teristics, such as porosity, surface area, volatile compound content, and biochar yield [31].
Therefore, the optimum heating rate for each material should be determined to obtain the
products with desired properties.

Increasing the heating rate from 15 ◦C/min to 100 ◦C/min resulted in an absolute
decrease in the weight loss of the digestates, by about 10 wt.% for digestate D2 and 6 wt.%
for digestate D1. On the other hand, the heating rate has little effect on the weight loss
of TLP and SS, as the differences in weight loss were almost negligible (~1%). Thus,
the biochar yield increases at higher heating rates for the digested samples, but remains
almost the same for the raw samples, which could be attributed to the AD pre-treatment
affecting the composition of the materials. During AD pre-treatment, components, such
as cellulose and hemicellulose, were degraded; therefore, the digestates lost less weight
during pyrolysis than the raw samples, which is reflected in a higher biochar yield for
these samples. However, the heating rates used in this study represent a slow pyrolysis
process that yields less gases and produce more biochar [83].
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3.3. Kinetic Analysis

The knowledge of reaction dynamics and kinetic parameters is essential for the design
of a pyrolysis process [82]. In this study, two iso-conversional methods were applied in
the kinetic analysis, the Kissinger–Akahira–Sunose (KAS) and Flynn–Wall–Ozawa (FWO)
models. To determine the kinetic parameters, activation energy (Eα), and pre-exponential
factor (A), the linear fit plots were first constructed for all tested samples (digestates D1
and D2, sewage sludge and T. latifolia) using the KAS and FWO kinetic models, as shown
on Figure S1 in the supplementary material. For TLP and SS, data for conversion values (α)
between 0.1 and 0.9 were considered in the calculations, while for digestates D1 and D2,
the data in the conversion range of 0.1–0.8 were applied. The data below or above these
conversion degrees were excluded due to high fluctuations and low correlation coefficients.
The correlation coefficients R2 were slightly higher when the FWO kinetic model was used,
but in general the values for both models were quite close. The correlation coefficients for
linear plots of the T. latifolia plant were >0.92, for sewage sludge >0.98, for digestate D1
> 0.88 and for digestate D2 > 0.79. Both models showed good agreement with the data
representing SS or the TLP sample, while in the case of digestates the correlations were
high up to a conversion level 0.5, afterwards they apparently decreased.

3.3.1. Activation Energy (Eα)

Activation energy is a barrier that must be overcome before a chemical reaction is
occurred. It determines the reactivity of a material, sensitivity of a reaction rate, and is
proportional to material stability [29]. The values of the activation energies Eα calculated
from the slopes of the linear plots at each degree of conversion are presented in Figure 2.
The error bars represent confidence intervals with a confidence level of 95%.

Figure 2. Activation energy Eα as a function of conversion degree calculated according to: (a) the KAS and (b) FWO models.

The activation energy Eα determined with the KAS and FWO kinetic models varied
strongly with the conversion level, with significant differences found between digestate
and raw samples.

In both kinetic models, Eα for SS and TLP samples increased gradually with increasing
conversion level. Above the conversion level of 0.7 (stage III), a more significant increase
was noticed, corresponding to the decomposition of lignin and proteins in the biomass.
High Eα values at higher conversion degrees were also reported for pyrolysis of SS and
its co-pyrolysis with rice husks [33]. The maximum value of 167 kJ/mol for SS and
359 kJ/mol for TLP was calculated at a conversion level of 0.9 by the FWO model. The
KAS model gave lower values (SS–154 kJ/mol, TLP–346 kJ/mol). The differences in
activation energies between the models comes from the different approximations used
to solve the temperature integral. For the digestates D1 and D2, the Eα values increased
slowly up to the conversion level of 0.4, after which a huge increase was observed, and
the highest Eα values for both digestates were calculated at a conversion level of 0.7. From
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this point on, the values declined. The increase in Eα indicates endothermic reactions
while the decrease is associated with exothermic reactions [86]. The decrease in Eα at a
higher degree of conversion may be ascribed to the porous structure of the intermediate
formed, which increases diffusion, the release of volatiles, and further decomposition with
metal, thus catalyzing the degradation process [69]. Besides, the formation of biochar is
also reflected in a decrease of activation energy [82]. The Eα for digestate D1 varied in the
range of 66–351 kJ/mol for the KAS model and from 57 to 339 kJ/mol for the FWO model.
The Eα for digestate D2, with a more complex composition, were generally higher (FWO
model: 70–401 kJ/mol, KAS model: 62–388 kJ/mol). The higher values of Eα in the case of
digested compared to undigested biomass were most likely the consequence of stabilization
of biomass during the AD process. Anaerobic digestion promotes several biochemical
reactions in the biomass in which the organic material is converted into methane and
carbon dioxide [3], therefore digestates after AD contained less organic material and higher
content of inorganic material, e.g., minerals, which impacts thermal degradation and causes
an increase in Eα at higher conversion levels. It seems that minerals and inorganic matter
originated from SS act as a barrier and hinder the diffusion of heat and the release of
degraded volatiles, causing Eα to increase. Similar results were observed in one of the
previous studies where minerals in manure feedstock also caused the increase of Eα [29].
Different Eα at different conversions illustrate the multi-step complex reaction mechanism
of thermal decomposition of the analysed samples, depicted by the progressive change
of Eα with conversion [87]. In particular, digestates are composed of various constituents
with different reactivities resulting from the differences in chemical nature and inherent
structure of the constituent components and, therefore, each constituent contributes to the
overall Eα [69].

The higher Eα values in the case of TLP compared to SS may arise from higher content
of cellulose and lignin in this sample. The same is true for digestate D2, which likewise
contained TLP, which is reflected in the higher Eα due to the more complex structure of the
sample due to the presence of lignocellulosic components.

Higher Eα values were reported for cellulose than for hemicellulose in previous
studies [5], while lignin was characterized by both lower and higher values than cellulose,
depending strongly on the feedstock type. Thus, the strong increase in Eα values at
conversion levels above 0.7 for TLP could be related to lignin degradation. The Eα values
of both digestates and TLP were very close to each other up to conversion point 0.5, from
that point on, the differences become larger. According to the results, pyrolysis of SS is the
reaction that proceeds most easily, followed by pyrolysis of TLP, while the highest barrier
has to be overcome in the pyrolysis of digestates, particularly digestate D2.

The literature review regarding Eα revealed that the Eα values for the feedstocks
analysed in this study are comparable to those reported for similar feedstocks. A detailed
comparison of activation energies and other kinetic and thermodynamic parameters, which
will be discussed in detail in the following sections, is presented in Table 4. For SS, the Eα

values in a wider range were reported, between 46 and 232 kJ/mol [69], while for T. latifolia
a narrow area was stated, 135–204 kJ/mol [24]. For SS digestate, the values ranged between
49 and 198 kJ/mol in one of the studies [34], and from 90–227 kJ/mol in another [42]. The
upper limit of Eα values for SS digestate obtained in this study is higher than in the case
of other digestates, but it must be considered that the conversion range for reported Eα

could be different. No data for Eα of digestates composed of SS and lignocellulosic biomass
can be found in the literature. Nevertheless, some correlations could be made with swine
manure digestate [45], corn stover digestate [88], roadside grass digestate [85], and other
lignocellulosic rich digestates [25,44]. As shown in Table 4, the Eα varied greatly with the
type of feedstock. A comparison for some other lignocellulosic materials (para grass, camel
grass, castor residue, canola residue, etc.) is also carried out.
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Table 4. Comparison of kinetic and thermodynamic parameters calculated for the analyzed feedstocks (digestates D1 and
D2, sewage sludge, and T. Latifolia) with data from the literature.

Feedstock
Eα

(kJ/mol)
A (1/s)

ΔH
(kJ/mol)

ΔG
(kJ/mol)

ΔS (J/mol·K)
Kinetic
Model

Ref.

Digestate D1
(sewage sludge) 66–351 6.73 × 103–3.80 × 1030 61–347 160–168 (−185)–(327) FWO This

study

Digestate D2
(sewage sludge +
T. latifolia plant)

70–401 1.37 × 104–5.43 × 1034 65–397 161–170 (−180)–(406) FWO This
study

SS digestate 90–227 / / / / FWO [42]

SS digestate 49–198 5.49 × 101–7.92 × 1014 / / /
nth-order
reaction
model

[34]

Sewage sludge
co-digested with

grease waste
(ratio 95:5)

132–226 / / / / FWO [42]

Swine manure
digestate 179–223 2.55 × 1016–1.45 × 1020 179–219 143–147 (54)–(127) FWO [45]

Lignocellulosic
biomass
digestate

75–175 1.83 × 10−2–9.74 × 109 / / / FWO [44]

Lignocellulosic
biomass
digestate

130–230 1.05 × 102–7.83 × 1015 / / /
Starink

model-free
method

[25]

Roadside grass
digestate 30–175 6.74 × 10−3–1.59 × 1015 / / / KAS [85]

Corn stover
digestate 99–331 1012–1022 / / / DAEM a [88]

Sewage sludge

41–167 2.12 × 101–4.85 × 1013 36–163 161–167 (−233)–(4) FWO This
study

63–323 3.22 × 104–5.78 × 1026 70–318 85–90 (−90)–(650) FWO [41]

46–232 1.02 × 109–3.97 × 1019 41–227 53–295 (−151)–(63) FWO [69]

48–82 1.34 × 101–5.92 × 105 11–134 / / Coats and
Redfern [89]

75–292 / / / / FWO Wang
2020 [33]

200–400 1015–1025 / / / DAEM a [1]

T. latifolia plant
67–359 2.18 × 103–4.83 × 1028 62–354 174–183 (−195)–(290) FWO This

study

135–204 7.6 × 109–7.9 × 1015 130–199 171–173 (−70)–(45) FWO [24]

Para grass 152–242 3.06 × 1011–2.26 × 1019 113–237 169–173 (−98)–(111) FWO [80]

Camel grass 85–193 1.77 × 105–4.70 × 1014 79–188 174–178 (−159)–(23) FWO [82]

Chicken manure 149–288 1.00 × 106–1.00 × 1014 165–170 158–175 (−8)–(12) FWO [29]

Castor residue 102–216 3.06 × 108–6.26 × 1018 97–211 151–154 (−97)–(101) FWO [86]

Canola residue 129–391 6.5 × 109–3.4 × 1027 136–385 158–212 (−51)–(284) DAEM a [71]
a Distributed activation energy model.
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3.3.2. The Pre-Exponential Factor (A)

The values of pre-exponential factors (A) for the analyzed feedstocks, calculated by
the KAS and FWO models, are presented in Table 5. The pre-exponential factor describes
the solid phase reaction dynamics and reaction chemistry, which is an essential factor for
the optimization of biomass pyrolysis and is directly related to the material structure [69].
In general, the pre-exponential factors showed the same variational trend as Eα. For
example if Eα increases with the conversion level, then A increases as well. The values
of A calculated with the FWO model ranged between 12 × 101–4.85 × 1013 1/s for SS
and between 2.18 × 103–4.83 × 1028 1/s for TLP. For these two samples, the values were
in almost the whole conversion range, except for the highest conversions below 109 1/s,
which could mainly indicate a surface reaction. On the other hand, if the reactions are
not surface dependent, low A values may also indicate a closed complex [86]. The pre-
exponential factors for SS and TLP are comparable to the pre-exponential factors of similar
feedstocks reported in the literature, while a much wider range for the A values was
calculated for digestates D1 and D2, as for the digestates from other studies (see Table 4).
The explanations could be found in the presence of SS in the digestate samples and the more
complex composition of digestates, since digestates contain both organic and inorganic
material. The A values calculated with the FWO model ranged for digestate D1 between
6.73 × 103–3.80 × 1030 1/s and for digestate D2 between 1.37 × 104–5.43 × 1034 1/s. The
KAS model gave similar results. The A values for digestates D1 and D2 were at lower
conversion levels <109 1/s, while at conversion levels above 0.4 they were >109 1/s. This
behavior indicates a multi-phase reaction due to the complex nature of these feedstocks,
where degradation is slower and the reactions require more energy and a higher rate of
molecular collisions [45]. Therefore, higher values of A indicate a simple complex [86].

3.3.3. Kinetic Compensation Effect

To characterize the dependence of Eα and lnA on the conversion degree, the kinetic
compensation effect is frequently used [70]. The relation between the pre-exponential
factors (lnA) and activation energy (Eα) for the tested feedstocks is presented in the supple-
mentary material, in Figure S2. For all samples, the linear relationship between Arrhenius
parameters was observed in the case of both kinetic models (KAS and FWO), which can be
expressed as follows: lnA = aEα + b. This reflects that there exists a compensation effect be-
tween Eα and lnA during pyrolysis, where the constants a and b refer to the compensation
coefficients [90]. The correlation coefficients R2 for the linear fit plots for digestate D1 were
>0.97 and for digestate D2 > 0.93. For SS and T. latifolia, the R2 were >0.99. High correlation
coefficients indicate that the KAS and FWO kinetic models are suitable for describing the
pyrolysis data of the tested feedstocks in the chosen conversion range.

3.4. Thermodynamic Analysis

The values of thermodynamic parameters (enthalpy ΔH, Gibbs free energy ΔG, and
entropy ΔS) for sewage sludge, T. latifolia and solid digestates D1 and D2, calculated at
DTG peak temperatures (heating rate of 15 ◦C/min) using the KAS and FWO methods, are
shown in Table 5.

3.4.1. Enthalpy (ΔH)

The enthalpy ΔH for all feedstocks changed significantly with the conversion level and
followed a similar trend as the activation energy Eα (Table 5). The ΔH for SS ranged between
36 and 163 kJ/mol for the FWO and 27–150 kJ/mol for the KAS methods, while for TLP it
ranged from 62–354 kJ/mol for the FWO and 53–341 kJ/mol for the KAS methods. The KAS
model gave lower values in all cases. Positive values of ΔH indicated an endothermic process,
implying that an external source of energy needs to be provided to convert the biomass to its
transition state [4]. The ΔH for TLP in the literature ranged from 130–199 kJ/mol [24], while
for SS it ranged from 11 kJ/mol [89] to 318 kJ/mol [41] depending on the conversion level. As
shown in Table 5, the lowest ΔH values at the specific conversion point were calculated in
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the case of SS, followed by TLP and digestate D1. The feedstock with the highest ΔH was
digestate D2 (65–397 kJ/mol, calculated by the FWO method). For comparison, the ΔH of the
swine manure digestate in one of the earlier studies ranged between 179 and 219 kJ/mol [45].
Otherwise, ΔH represents the total energy required for pyrolysis of biomass and its conversion
into final products such as biogas, bio-oil and biochar [41]. Therefore, digestate D2 requires
the highest amount of energy to be provided for the formation of the final products compared
to other samples. The ΔH differed from Eα at each conversion point by 4.70 kJ/mol for SS,
5.15 kJ/mol for TLP, 4.76 kJ/mol for digestate D1, and 4.82 kJ/mol for digestate D2. The
difference between Eα and ΔH indicates the possibility of the pyrolysis reaction occurring
(Rasam et al., 2020). Small differences indicate that only a small amount of additional energy
(~5 kJ/mol) is required to form the final product.

Table 5. Thermodynamic parameters (A, ΔH, ΔG, ΔS) of pyrolysis of sewage sludge, T. latifolia and solid digestates D1
and D2 calculated at the heating rate of 15 ◦C/min.

FWO Method KAS Method

α A (1/s) R2 ΔH
(kJ/mol)

ΔG
(kJ/mol)

ΔS
(J/mol·K)

A (1/s) R2 ΔH
(kJ/mol)

ΔG
(kJ/mol)

ΔS
(J/mol·K)

Digestate D1
0.1 6.73 × 103 0.99 61.46 167.53 −185.36 9.14 × 102 0.98 52.63 168.21 −201.97
0.2 2.19 × 105 0.99 77.03 166.52 −156.39 2.62 × 104 0.99 67.51 167.11 −174.06
0.3 9.87 × 105 1.00 83.80 166.14 −143.89 1.06 × 105 0.99 73.77 166.72 −162.42
0.4 2.67 × 107 0.99 98.76 165.40 −116.46 2.67 × 106 0.99 88.29 165.91 −135.63
0.5 2.09 × 109 0.98 118.67 164.56 −80.21 1.90 × 108 0.98 107.70 165.01 −100.14
0.6 5.10 × 1014 0.93 175.86 162.75 22.91 4.17 × 1013 0.92 164.27 163.07 2.10
0.7 3.80 × 1030 0.93 346.57 159.59 326.76 2.74 × 1029 0.93 334.23 159.76 304.89
0.8 3.38 × 1017 0.92 206.03 162.02 76.91 4.14 × 1019 0.88 228.43 161.54 116.90

Digestate D2
0.1 1.37 × 104 0.92 65.47 169.53 −179.58 1.95 × 103 0.90 56.74 170.17 −195.76
0.2 2.47 × 106 0.95 89.12 168.14 −136.36 3.09 × 105 0.94 79.61 168.65 −153.66
0.3 1.66 × 107 0.96 97.86 167.71 −120.55 1.87 × 106 0.95 87.83 168.20 −138.71
0.4 1.37 × 109 1.00 118.25 166.83 −83.85 1.43 × 108 1.00 107.78 167.26 −102.64
0.5 4.92 × 1012 1.00 156.39 165.53 −15.77 4.64 × 1011 1.00 145.35 165.88 −35.42
0.6 5.21 × 1031 1.00 363.45 161.55 348.42 4.38 × 1030 1.00 351.68 161.71 327.85
0.7 5.43 × 1034 0.97 396.52 161.14 406.20 3.63 × 1033 0.97 383.64 161.30 383.71
0.8 4.49 × 1020 0.79 242.63 163.47 136.61 2.79 × 1024 0.82 283.96 162.73 209.22

Sewage sludge (SS)
0.1 2.12 × 101 0.99 35.80 167.48 −233.13 2.83 × 100 0.98 27.43 168.57 −249.89
0.2 9.99 × 102 1.00 52.28 165.88 −201.12 1.15 × 102 1.00 42.95 166.72 −219.12
0.3 6.06 × 103 1.00 60.14 165.27 −186.13 6.31 × 102 0.99 50.29 166.05 −204.94
0.4 3.43 × 104 1.00 67.76 164.75 −171.71 3.34 × 103 0.99 57.53 165.46 −191.09
0.5 1.90 × 105 1.00 75.32 164.28 −157.51 1.71 × 104 0.99 64.68 164.95 −177.52
0.6 8.76 × 105 0.99 82.13 163.90 −144.77 7.30 × 104 0.99 71.09 164.54 −165.44
0.7 1.17 × 107 0.99 93.72 163.31 −123.22 9.07 × 105 0.99 82.28 163.89 −144.49
0.8 2.24 × 109 0.99 117.38 162.30 −79.53 1.57 × 108 0.99 105.39 162.79 −101.61
0.9 4.85 × 1013 0.99 162.77 160.82 3.46 2.86 × 1012 0.99 149.86 161.19 −20.07

T. latifolia plant (TLP)
0.1 2.18 × 103 0.94 61.54 182.65 −195.40 4.00 × 102 0.92 53.47 183.32 −209.49
0.2 5.89 × 104 1.00 77.43 181.55 −167.99 8.05 × 103 1.00 67.81 182.19 −184.54
0.3 3.72 × 105 1.00 86.39 181.02 −152.68 4.71 × 104 1.00 76.34 181.62 −169.86
0.4 2.36 × 106 1.00 95.44 180.54 −137.30 2.83 × 105 1.00 85.06 181.10 −154.94
0.5 1.24 × 107 1.00 103.57 180.13 −123.53 1.42 × 106 0.99 92.94 180.66 −141.53
0.6 2.31 × 107 1.00 106.65 179.99 −118.33 2.56 × 106 1.00 95.84 180.51 −136.62
0.7 1.48 × 108 1.00 115.82 179.58 −102.88 1.60 × 107 1.00 104.83 180.08 −121.40
0.8 1.37 × 1014 1.00 184.27 177.27 11.29 1.39 × 1013 1.00 172.82 177.59 −7.70
0.9 4.83 × 1028 0.99 353.61 173.98 289.81 3.93 × 1027 0.99 340.87 174.17 268.96
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3.4.2. Gibbs Free Energy (ΔG)

The Gibbs free energy ΔG, also called free enthalpy, reflects the total energy increase of
the system for the formation of the activated complex and thus shows bioenergy potential
of the biomass [86]. The ΔG calculated by the FWO method for SS, digestate D1 and
digestate D2 were in the range of 161–167 kJ/mol, 160–168 kJ/mol, and 161–170 kJ/mol,
respectively. According to the results presented in Table 5, these three feedstocks have very
similar bioenergy potential. The T. latifolia plant showed the highest ΔG values among all
feedstocks (174–183 kJ/mol) and had the highest bioenergy potential. In contrast to the
enthalpy ΔH, the Gibbs free energy ΔG was quite stable and showed only little variation
with the conversion degree. The values calculated with the KAS model were very similar.
The Gibbs free energies of the tested feedstocks are comparable to those for SS, TLP and
other lignocellulosic materials in the literature (see Table 4).

3.4.3. Entropy (ΔS)

The entropy ΔS of a system represents the degree of disorder in a reaction system,
and in the context of pyrolysis it reflects the degree of arrangement of carbon layers in
biochar samples [38]. The ΔS for digestate D1 ranged from −185 to 327 J/(mol·K) and
for digestate D2 from −180 to 406 J/(mol·K). These values are in agreement with the ΔS
values of swine manure digestate, sewage sludge, canola residue and para grass (Table 4).
Values were mostly negative at lower conversion levels and positive at higher levels (Table
5). The occurrence of both negative and positive values reflects that the thermal conversion
of the digestates D1 and D2 is more complex than the conversion of SS and TLP, both of
which had negative ΔS throughout the conversion range (with one exception at the highest
conversion point of 0.9 for TLP). At the conversion points with negative ΔS, the ΔG values
were higher than ΔH, suggesting that a significant fraction of heat energy provided to
the system is excess or free energy [38]. The occurrence of negative ΔS and positive ΔG
values implies that thermal decomposition of biomass is a non-spontaneous process [91].
Negative ΔS values illustrate a more organized structure of the activated complex (product)
compared to the feedstock and that the degree of disorder of the activated complex is lower
compared to the feedstock, therefore the reactivity is low with long reaction times [29]. On
the other hand, a positive ΔS indicates that the material is far from its thermodynamic
equilibrium and the reactivity is high with short reaction times [54].

3.5. Characterization of Biochars

The properties of biochar have great influence on its further use and depend on various
parameters, such as type of feedstock, temperature [55], heating rate [53], and residence
time [31]. The obtained biochars were characterized by chemical analysis, elemental
analysis, XRD, FTIR, and SEM–EDS analyses, the results of which are presented below.
The results of the cress seed germination test and biosorption experiments performed on
digestate derived biochars are also presented.

3.5.1. Chemical Characteristics of Biochars

The pyrolysis temperature significantly affects the distribution and properties of the
final products [30]. Therefore, the chemical composition of the produced biochars was
determined, focusing on elemental, heavy metal and nutrient analysis. The parameters
varied depending on the type of feedstock. Comparison of the parameters between the
biochars (Table 6) and feedstocks (Table 2) showed that the content of elements H, N, O
and S in the biochars decreased due to the degradation of organic material. The content
of C decreased in all biochars except TLP biochar, where it increased. The opposite trend
in carbon content suggests that the pyrolysis mechanisms of TLP and the other three
feedstocks that contained sewage sludge differed. Yin et al. [92] found a similar trend in
the pyrolysis of SS and walnut shell. The decrease of C content in SS biochars was also
noticed by other researchers [32]. The decrease in N content in TLP biochar was lower than
that in biochars derived from SS and SS digestate. The explanation could be found in the
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chemistry of nitrogen in the feedstocks, as nitrogen is more volatile than the other nutrients
and the concentrations may change differently depending on the biomass type and the
chemistry of its binding [83]. Total nitrogen decreased mainly due to the loss of volatile
nitrogen species (NH4 and/or NO3), which tend to convert to stable pyridine compounds
at high pyrolysis temperatures [78].

Table 6. Chemical characteristics of the obtained biochars.

Parameter
Biochar

B-SS B-TLP B-D1 B-D2

Biochar yield (wt.%) 32.49 25.64 44.82 45.52
HHV (MJ/kg) 11.84 12.92 11.61 12.15
Ash (wt.%) a 56.22 41.06 70.20 64.78

C (wt.%) 37.10 53.42 24.33 29.03
H (wt.%) 0.58 1.47 0.18 0.31
N (wt.%) 5.28 3.33 1.39 1.48
S (wt.%) 0.05 0.21 0.92 0.59
O (wt.%) 0.77 0.51 2.98 3.81

H/C b 0.19 0.33 0.09 0.13
O/C b 0.02 0.01 0.09 0.10
N/C b 0.12 0.05 0.05 0.04

P (wt.%) 7.94 1.67 2.11 1.72
Ca (wt.%) 6.60 11.57 8.60 12.37
Mg (wt.%) 2.34 1.78 0.74 0.58
K (wt.%) 2.51 1.78 2.04 3.35
Si (wt.%) 0.13 0.04 0.09 0.05
Fe (wt.%) 1.49 0.28 0.54 0.52

Cd (mg/kg d.m.) <1 <1 <1 <1
Crtotal (mg/kg d.m.) 60.45 6.40 62.31 47.58

Cu (mg/kg d.m.) 300.77 11.00 369.27 283.25
Ni (mg/kg d.m.) 33.78 3.00 29.77 26.64
Pb (mg/kg d.m.) 51.88 1.40 25.09 20.73
Zn (mg/kg d.m.) 2352.42 56.90 1179.38 939.61

pH 9.36 10.89 11.05 11.22
a On a dry basis, b Molar ratio.

Along with the decrease of C, H, N, and O, the molar ratios of H/C, O/C, and N/C
also decreased in biochars. The H/C ratio together with volatile organic matter (VOM)
content could be used as a parameter for the carbonization degree of biochar [32], because
lower H/C ratio and VOM content indicate greater carbonization. In this study, digestate
derived biochars showed the lowest H/C ratios. The lower ratios of H/C and O/C also
indicated higher aromaticity and a less hydrophilic biochar surface [78]. Biochars with
higher aromaticity are more resistant to decomposition and could be retained in the soil
longer [93]. The O/C ratio of digestate derived biochars was higher than that of undigested
SS and TLP, implying that digestate biochars contained more oxygen-containing functional
groups. Digestate derived biochars showed very similar ratios, although the composition
of their feedstocks differed. The changes in H/C and O/C also indicate the occurrence
of dehydrogenative polymerization and dehydration polycondensation during pyrolysis,
with significant loss of oxygen and aliphatic hydrogen [94]. The H/C and O/C ratios of
the biochars from this study are consistent with the ratios of the sludge-based biochars
obtained in other studies [51,78]. The decrease in N/C ratio in biochar mainly resulted
from the reduction of N-related functional groups [94]. The biochar yield was highest
for pyrolysis of digestates (44.8% for B-D1 and 45.5% for B-D2), lower for SS (32.5%),
and lowest for TLP pyrolysis (25.6%). Biochar yields and higher heating values listed in
Table 6 are comparable with the data for SS [95], and other bio-waste [50] given in the
literature. The ash content in the biochars increased compared to the feedstocks. Digestate
derived biochars contained more ash and had higher pH than biochars obtained from
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raw biomass. Ash content data are important because the ash plays an important role in
biochar properties, such as surface area, pore volume, aromaticity, carbon stability, and
sorption capacity [51]. The higher heating value of biochars was lower compared to that of
the feedstocks.

The biochars showed alkaline characteristics as their pH value ranged from 9.4 to
11.2. The alkaline characteristics come from the release of alkali salts from the pyrolytic
structure and organic nitrogen present as amine functionalities, which transforms into
pyridine-like compounds [93]. The presence of metal oxides and minerals also leads to
higher pH of the biochar, and high pH of the biochar ensures the safety of heavy metal
leaching [52]. Biochars obtained from SS in other studies also showed alkaline properties,
especially those obtained at higher pyrolysis temperatures, as pH increases with increasing
temperature [96]. The content of heavy metals and macronutrients (P, Ca, Mg, K) in the
biochars increased due to mass loss because of thermal degradation. Similar observations
were also noted by Liu et al. [96]. However, potentially toxic elements in biochar, such as
heavy metals, are usually transformed from bioavailable fraction into a more stable form
during thermal conversion [53].

The content of heavy metals in biochar D2 was lower than that in biochar D1. This is
most likely due to the co-digestion of SS with TLP, which caused the reduction of total heavy
metal content in biochar D2. Co-digestion also improved the content of C and reduced
the ash content in the biochar. The higher organic matter content and lower heavy metal
content in biochar D2 indicated the higher quality of this biochar. Since biochar obtained
from SS or other lignocellulosic biomass has been extensively studied, while there is a lack
of knowledge on biochar derived from various digestates, the digestate derived biochars
in this study were subjected to further characterization studies, biosorption experiments,
and fertility tests.

3.5.2. FTIR Analysis

The FTIR spectra of the feedstocks (sewage sludge, T. latifolia, and digestates D1 and
D2) and the corresponding biochars (B-SS, B-TLP, B-D1, B-D2) obtained after pyrolysis
of the feedstocks at 800 ◦C, are presented in Figure 3a,b, respectively. Before pyrolysis,
several peaks were common for the tested feedstocks (Figure 3a). A broad peak in the
range 3500–3100 cm−1 corresponds to the vibrations of hydroxyl groups (–OH) of water
molecules and carbohydrates [97]. The vibrations of N-H groups also appear in this area
due to presence of amines and amides. Peaks between 3000 and 2800 cm−1 indicate the
aliphatic (–CHx) vibrations. The peak at 1647 cm−1 represents aromatic C=C vibrations
and peaks at around 1400 cm−1 are attributed to aliphatic groups –CH2 and –CH3 [87]. The
peak at 1073 cm−1 represents C–O and P-O bonds [30]. Lignin in the raw T. latifolia plant is
represented by C=C aromatic vibrations (1653 cm−1), while hemicellulose and cellulose
are represented by C=O (1765 cm−1), C-H (1375 cm−1), C-O-C (1240 and 1160 cm−1),
C–O (1056 cm−1) and C-H vibrations (896 cm−1) [14]. Peaks at 777 cm−1 and 669 cm−1

are associated with aromatic hydrogen. SS and digestates shown the common peak at
1560 cm−1 associated with amide (-CO-NH-) originated from sewage sludge proteins [78].
The bands between 1550 and 1400 cm−1 are related to nitrogen compounds (N-H and N-O),
while the peaks in the 400–600 cm−1 range are from metal-oxygen bonding [98]. The sharp
peak at 871 cm−1 could correspond to calcium carbonate. The main differences between
digested and undigested feedstocks are related to the AD pre-treatment that destroys the
complex lignocellulose structure, which is reflected in the reduction of the intensity of some
peaks. For example, the peak representing the C-O-C group (1240 cm−1) of hemicellulose
and the linkages between hemicelluloses and lignin [87] is lower in the digestates. The
results are in agreement with the findings of previous studies, where AD likewise caused a
decrease in carbohydrates, protein (amide) compounds, fats, and lipids on the one hand,
and an increase in aromatic compounds and polysaccharide groups (C-O) in the digestates
on the other [12].
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Figure 3. FTIR spectra of sewage sludge, T. latifolia and solid fraction of digestates D1 and D2 before pyrolysis (a) and
biochars obtained from these feedstocks after pyrolysis (b).

The FTIR spectra of the biochars (Figure 3b) reflect significant changes in chemical
bonds and functional groups after pyrolysis of the feedstocks. The basic functional groups
representing organic components, such as hydroxyl (-OH), amine (-NH) and aliphatic
groups (-CHx), have almost disappeared, while the intensity of aromatic C=C ring stretch-
ing vibrations increases slightly. The disappearance of aliphatic groups in the biochars
proved that the alkane groups were involved in the carbonization process [97], revealing
that organic fatty hydrocarbons were converted into aromatic structures or decomposed
into methane, carbon dioxide, and other gases during pyrolysis [51]. The disappearance
of the majority of peaks in the case of TLP biochar illustrated deep decomposition of this
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sample due to the high pyrolysis temperature. The FTIR spectra of the SS biochar and
digestate derived biochars were very similar. They showed a sharp peak at 1036 cm−1,
which besides Si-O-Si vibrations also represents the vibrations of the PO4

3− group [47].
The absorption peak at 984 cm−1 refers to Al–O bonds [98]. Significant peaks were also
detected between 400 and 600 cm−1 reflecting vibrations of different oxides and silicates,
such as Fe-O, Mg-O, Si-O-Si, and Si-O-Al vibrations [99]. Small peaks between 600 and
800 cm−1 could be assigned to aromatic and hetero-aromatic compounds [93]. The differ-
ences in the composition of digestates did not essentially affect the functional groups of the
biochars, as the FTIR spectra of biochars B-D1 and B-D2 are very similar. According to the
FTIR analysis, the SS-based biochars contain functional groups that could cooperate in the
adsorption process, and therefore could potentially be used as adsorbents for various ions
from wastewater.

3.5.3. SEM–EDS Analysis

SEM images of digestate derived biochars (B-D1 and B-D2) are shown in the supple-
mentary material in Figure S3a,b, respectively. The biochars consisted of irregular grains of
various compositions and had a rough surface with porous structure containing small holes
and pits on the surface. Differences in the composition of digestates had no special effect on
the morphology of the biochars. The structure was consistent with the data regarding the
specific surface area. The EDS spectra of biochars B-D1 (Figure S3c) and B-D2 (Figure S3d)
revealed high contents of C, O, Si, P, K, Ca, and Mg in the samples, and Cl, Na, Al, and Fe
were also detected. However, the contents of these elements varied among the samples.
For example, biochar B-D2 contained a higher amount of C and lower amounts of heavy
metals, while in biochar B-D1 Cu was also found. The results of the EDS analysis mainly
agree with the results of the elemental and chemical analysis.

3.5.4. XRD Analysis

X-ray diffraction (XRD) analysis was performed to identify the crystalline phases in
the digestate derived biochars. The XRD diffractograms of biochars B-D1 and B-D2 are
presented in the supplementary material (Figure S4a,b). The XRD analysis revealed that
the biochars have similar mineral compositions despite differences in the composition
of feedstocks. Nevertheless, some differences in the contents of mineral phases were
found. The main crystalline phases in biochar samples B-D1 and B-D2 were attributed to
calcium phosphates, with hydroxyapatite (with variable Cl content) and whitlockite (with
possible presence of Na) as the main representatives. Silicates were present in the form of
mineral quartz (SiO2) and Al silicates (with variable Mg content). Ca-Mg-carbonates (Mg
calcite) were also identified in the biochars, although Mg ions could be substituted by Fe
ions, which were likewise present in biochars. Traces of other phases, such as iron oxides
(hematite—Fe2O3, magnetite—Fe3O4), aluminum oxide, and pure carbon phases were
detected as well. The obtained biochars have similar mineral characteristics as biochars
obtained from sewage sludge [39] or sewage sludge digestate [58] in other studies.

3.5.5. The Potential of Digestate-Derived Biochars for Use as a Soil Enhancer

Biochars contain a range of macro- and micro-nutrients, making them valuable as
soil amenders to enhance plant growth and to sustain and increase crop yield [83]. The
potential of the digestate derived biochars (B-D1 and B-D2) for use as a soil enhancer was
evaluated by performing a cress seed germination test. The results of the root length (RL)
index and Munoo-Liisa vitality (MLV) index obtained after cress seeds (Lepidium sativum
L.) were exposed to different concentrations of biochars B-D1 and B-D2 (2%, 6%, 10% and
15%) for 72 h, are shown in Figure 4.
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Figure 4. The results of the cress seed germination test performed with biochars B-D1 and B-D2 and dependence on the
concentration of biochars: (a) the root length index, (b) Munoo-Liisa vitality index, and (c) pH of the soil.

The RL and MLV indexes of the control sample are given for comparison. The best
results of RL and MLV indexes for both biochars were achieved when using 10 wt.%
concentration of biochar. RL is expressed as the percentage difference of the root length
of the tested material compared to the root length of the control sample. The highest RL
index for biochar B-D1 was 206% and for biochar B-D2 182%. Both significantly exceeded
the RL index of the control sample (100%). The highest MLV index, that compares the
germination rate and the average lengths of roots in the test and control samples, was
206% for biochar B-D1, while for biochar D2 it was 195% (at 10 wt.% concentration). The
concentration of 2 wt.% gave the worst results in both cases, even lower than the control
sample, and therefore it is too low. At 15 wt.% concentration, the RL and MLV indexes of
both biochars decreased, especially those of biochar B-D1. This could be connected with
the phytotoxic effect of the biochars on the cress seeds. Nevertheless, the values of the RL
and MLV indexes were still higher than in the case of the control sample. The phytotoxicity
could occur due to the higher content of heavy metals in the biochars, especially Zn and
Cu. High heavy metal concentrations negatively affect plant growth and biomass yield,
and the toxic effect of heavy metals and their bioaccumulation in the plants is one of the
major problems in the application of SS biochars as a soil amenders [63]. For example, Song
et al. reported the problem of accumulation of Zn and Cu in garlic root and bulb [62]. The
content of bioavailable heavy metals in the biochars can be efficiently reduced by selecting
higher pyrolysis temperatures [100]. In addition, biochars derived at higher pyrolysis
temperatures were reported to promote wheat growth more than biochars derived at
lower temperatures [72]. Since the biochars in this study were obtained at relatively high
temperature, this could be one of the reasons for their good performance and low toxicity.

Biochar B-D1 generally gave better results than biochar B-D2, which is a consequence
of the different compositions of these two samples. Biochar B-D1 contained more P and Mg,
while biochar B-D2 contained more N, K, and Ca. The advantage of using biochar B-D2
instead of biochar B-D1, despite lower RL and MLV indexes, is the lower content of heavy
metals in this biochar. According to the results, the biochars obtained from digestates D1
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and D2 have good potential to be used in agriculture as alternative sources of nutrients for
plant growth. The optimum concentration for both biochars is around 10 wt.%.

The results of the germination test are comparable to the results of similar tests
performed for SS biochars in previous studies, while the results cannot be compared with
those for SS-digestate derived biochars, as these studies are quite rare. The concentrations
of SS biochars of up to 5 wt.% were found to be efficient in a wheat seed germination
test [72]. The same concentration was used in the cultivation of cucumber seeds [61]. In
another study, 10 wt.% of SS biochar was optimal for improving cucumber growth, with
cucumbers absorbing small proportions of potentially toxic elements from the biochar [101].
The positive effects of biochar addition to soil were likewise observed by Rehman et al. [63].

The soil pH values at the tested biochar concentrations ranged from 4.7 to 6.4 for
biochar B-D1 and from 4.8 to 6.7 for biochar B-D2. The soil containing biochar B-D2
had a higher pH due to the higher pH of this biochar (the pH of B-D1 was 11.05 and
that of B-D2 was 11.22, at biochar/water ratio of 1:20). Since the biochars have alkaline
characteristics, no additional chemicals were added to the soil to ensure optimum pH for
plant growth, i.e., between 5.5 and 6.5, according to the standard [73]. Besides improved
soil fertility due to pH amendment, there are also some other benefits of using biochar
in agriculture; it can increase the amount of bacterial biomass in the soil [102], improve
the quality of nutrient-deficient soils, retain nutrients (especially N in permeable soils),
improve carbon sequestration, supplement nitrogen fixation, and reduce bioaccumulation
of heavy metals and polycyclic aromatic hydrocarbons (PAHs), which improves crop
productivity [103]. However, since each biochar has unique characteristics, its fertility
potential and phytotoxic effects should be carefully evaluated. Although digestate-derived
biochars shows promising potential for use as a soil enhancer, further studies on the
leaching of heavy metals and their accumulation in plants should be conducted to evaluate
the possibility of their actual use for this purpose.

3.5.6. Biosorption Potential of Digestate-Derived Biochars

Biochars have specific properties such as large specific surface area, porous structure,
and enriched functional groups which make them suitable as adsorbents for the removal
of various pollutants from wastewater [103]. They can also be physically or chemically
modified to produce so-called activated carbons, which have higher surface area and lower
ash content [35]. Chemical activation also reduces mineral matter, activates carbonaceous
materials, and increases the number of surface functional groups, which provides better
cation and anion exchange properties [31]. In this study, digestate-derived biochars (B-D1
and B-D2) and their modifications were tested as biosorbents for the adsorption of NH4

+,
PO4

3−, Cd2+ and Cu2+ ions from a water solution at an initial concentration of 50 mg/L
(pH 7). To enhance the biosorption capacity, the biochars were chemically modified by
KOH or. HCl. The results of the biosorption experiments performed with HCl modified,
KOH modified or unmodified biochars B-D1 and B-D2 are shown in Figure 5.
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Figure 5. The results of the adsorption tests with the biochars B-D1 and B-D2 for: (a) PO4
3− adsorption, (b) NH4

+ adsorption,
(c) Cu2+ adsorption, and (d) Cd2+ adsorption.

Both biochars showed relatively low adsorption capacities for NH4
+ and PO4

3− ions,
although PO4

3− adsorption was slightly better. In general, biochar B-D1 showed higher
affinity for NH4

+ ions, while biochar B-D2 for PO4
3− ions. The best results for PO4

3−
adsorption were achieved with KOH modified biochars, then with HCl modified biochars,
while unmodified biochar even gave negative biosorption capacities (Figure 5a). This could
be explained by the leaching effect of PO4

3− ions from biochars [104]. In the case of the
modified biochars, leaching was not possible because PO4

3− ions were already leached
during modification with HCl or KOH. However, the highest biosorption capacities for
PO4

3− ions were obtained in the case of KOH modified biochar, 8.91 mg/g for biochar
B-D1 and 13.89 mg/g for biochar B-D2. The corresponding removal efficiencies were
15.6% (B-D1) and 24.9% (B-D2). The binding of ions on the biochar surface can take place
in several ways, via physical adsorption, chemical adsorption, electrostatic interaction,
precipitation, complexation of ions and ion exchange process [103]. Lewis acid-base
interactions, electrostatic interactions, and ligand exchange are mentioned as among the
most common controlling mechanisms for PO4

3− removal with SS biochars [105], which
could also be applicable to this study.

Regarding the adsorption capacities of biochars for PO4
3− ions, the values in the

literature vary considerably, as the removal efficiency is closely related to the biochar
type, modification and pH of the solution. Yin et al. [92] reported capacities of around
50 mg/g for SS biochar at a PO4

3− conc. of 50 mg/L, while Xu et al. [106] achieved an
adsorption capacity of 15.2 mg/g at an initial conc. of 80 mg/L. The PO4

3−-P adsorption
capacity of the dolomite-modified SS biochar was 19.9 mg/g (conc. of 50 mg/L) [57], while
Ca-rich SS biochar showed a capacity of 27.4 mg/g at a PO4

3− conc. of 40 mg/L [60].
A much lower P uptake was reported in another study, less than 1 mg/g was adsorbed
at an initial concentration of 50 mg/L, but it must be considered that the biochar was
not modified [49]. On the other hand, the adsorption capacity on pyrolusite-activated SS
biochar was 10.8 mg/g, (conc. of 50 mg/L) [97].
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The adsorption of NH4
+ ions was likewise most efficient when KOH-modified biochars

were used (Figure 5b). Capacities of 4.62 mg/g (9.1% removal efficiency) for biochar B-D1
and 4.25 mg/g (8.6%) for biochar B-D2 were achieved. Modification with HCl negatively
affected the biosorption capacity of NH4

+ ions, as the removal efficiencies were lower than
in the case of unmodified biochars. Interestingly, in contrast to this study, the modification
of wheat straw biochar using a combination of HCl and FeCl3 increased the efficacy of the
biochar in treating ammonium-contaminated wastewater [59]. Otherwise, the biosorption
capacities for NH4

+ ions achieved here were slightly higher than in other studies due to the
KOH modification of the biochar. The NH4

+ adsorption capacity of unmodified biochars is
generally low, <20 mg/g [107]. In addition, sewage sludge biochars generally have a lower
biosorption capacity for NH4

+ ions than biochars derived from other organic materials.
The biosorption capacity of 1.4 mg/g was achieved when SS biochar was used for the
adsorption of NH4

+ ions at a conc. of 80 mg/L [78]. Yin et al. [92] reported even lower
capacities, 0.6 mg/g (at a conc. of 50 mg/L), while co-pyrolysis of SS with walnut shells
improved the biosorption capacity up to 3 mg/g. The results of NH4

+ biosorption capacity
from this study are much closer to the biosorption capacities obtained by biochars derived
from different wetland plant species, which have capacities between 0.8 and 5.5 mg/g at
the same conc. of NH4

+ ions (50 mg/L) [104].
However, there are several factors that affect the biosorption potential of biochar and

its affinity for certain ionic species. It has been reported that the specific surface area of
the adsorbent is one of the factors that significantly affects NH4

+ adsorption, while it does
not affect PO4

3− adsorption [92], because the surface area of biochar is mostly negatively
charged. The specific surface area, average pore size, and pore volume of biochar B-D1 were
equal to 32.9290 m2/g, 7.4885 nm, and 0.0563 cm3/g, respectively, while biochar B-D2 had
higher surface area of 60.0527 ± 0.5038 m2/g, lower pore size (6.6904 nm), and higher pore
volume (0.0788 cm3/g). Although the surface area of biochar B-D2 was higher than that
of biochar B-D1, its adsorption capacity for NH4

+ ions was lower. However, the specific
surface area of the tested biochars is comparable to the specific surface areas reported in
the literature. For example, a specific surface area of 101.9 m2/g was measured for biochar
derived from manure digestate (at 800 ◦C) [28], while a specific surface area between
15 and 89 m2/g was reported for sewage sludge biochars derived at high temperatures
(600–900 ◦C) [48,51,100]. Higher pyrolysis temperatures (>700 ◦C) generated more pores
and higher surface area due to high aromaticity caused by thermal decomposition of
lignocelluloses and volatilization of inorganic minerals [28]. The surface area values of
lignocellulose derived biochars are generally in a larger range of 2–500 m2/g than those
of SS, because the compact nature of sewage sludge restrict the formation of developed
porosity structures [100].

Besides the surface area, the oxygen-containing surface functional groups have a great
influence on the adsorption capacity of NH4

+ ions, especially alkyl and carboxyl groups
form chemical or electrostatic interactions with NH4

+ ions [92]. Therefore, biochars with
higher O/C ratios could have a higher NH4

+adsorption capacity [104]. The O/C ratio
of unmodified biochars B-D1 and B-D2 was almost the same (0.09 and 0.10), therefore, it
could not significantly impact the adsorption capacity. On the other hand, the coexistence
of P, Mg and different metal elements on the biochar surface also contributes to NH4

+

removal. Since biochar B-D1 contained higher amounts of metals, as well as P and Mg,
than biochar B-D2, this could explain its better performance in NH4

+ biosorption. The
presence of surface functional groups and metals on the biochar surface is likewise crucial
for the adsorption efficiency of PO4

3− ions, as ligand exchange could occur between metal
oxides and PO4

3− ions [97]. Furthermore, elements such as Ca, Si, Al, Fe, Ca, and Mg
could serve as active sites and react with PO4

3− through complexation or formation of
precipitates, with Mg and Ca in particular significantly promoting PO4

3− adsorption due
to strong divalent cation bridging [107]. A higher Ca/P ratio of biochar B-D2 compared to
biochar B-D1 reflects the higher adsorption capacity of biochar B-D2 for PO4

3− ions. Both
biochars had a similar Mg/P ratio, so its influence was less significant.
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The binding between functional groups and selected ions is also highly affected by
the pH of the solution. The optimal pH value for NH4

+ adsorption was reported in the
range of 7–9, while PO4

3− could be adsorbed in a wider pH range, between 4 and 9 [92].
Lower pH values cause the protonation of functional groups on the biochar surface and the
removal efficiency of NH4

+ could therefore be lower [107]. This could explain the lower
capacities achieved when HCl modified biochar was used, as it lowered the pH of the
solution (despite initial adjustment) compared to KOH modified biochar, which increased
the pH of the solution. Another reason for the better performance of KOH modified biochar
compared to HCl modified biochar is most likely due to the higher increase in the specific
surface area of the biochar, as alkali treatment could significantly increase the specific
surface area [108], which is one of the major factors affecting NH4

+ adsorption.
The results of adsorption of heavy metals (Cu2+ and Cd2+) performed at the same ex-

perimental conditions as adsorption of NH4
+ and PO4

3− ions are presented in Figure 5c,d.
KOH modified biochars were found to be the most efficient for the biosorption of Cu2+

ions, followed by unmodified biochars. The highest biosorption capacity for Cu2+ ions
was achieved with biochar B-D1, 48.45 mg/g (removal efficiency >99%). Biochar B-D2
showed very similar biosorption capacities. Modification of biochars with HCl has a neg-
ative effect on Cu2+ biosorption, as well as on Cd2+ biosorption. The explanation for the
better performance of the KOH modified and unmodified biochars over the HCl modified
biochars could be connected with the alkalinity properties of these biochars. However, it is
interesting to note that the KOH modification decreases the pH of the biochars. For biochar
B-D1, the decrease from pH 11.05 (unmodified biochar) to pH 9.87, and for biochar B-D2
from 11.22 to 9.79 was observed. In the case of HCl treatment, the pH value decreased to
4.60 for biochar B-D1 and 4.22 for biochar B-D2. Modification of biochars by KOH also
brings several advantages, it increases the number of hydroxyl groups on the surface,
dissolves ash, condenses organic matter in the biochar [58] and produces a larger surface
area with higher H/C, N/C, and lower O/C ratios [31]. Modification with KOH was
also found to be successful in other studies. Wongrod et al. [58] reported enhanced Pb2+

sorption when SS digestate biochar was treated with KOH solution. On the other hand,
acid modification removes impurities, such as heavy metals, and introduces the acidic
functional groups on the surface of the biochars, but in some cases, it may also decrease
the surface area [102], which could be one of the explanations for the lower performance of
HCl modified biochars in adsorbing heavy metals in this study.

In contrast to Cu2+ ions, the highest biosorption capacities for Cd2+ ions were achieved
with unmodified biochars, followed by KOH modified biochars. The maximum biosorption
capacity of 50.67 mg/g was calculated for biochar B-D1 (97% removal efficiency) and
47.92 mg/g (92%) for biochar B-D2. The differences in biosorption capacities of unmodified
and modified biochars were higher in the case of Cd2+ ions than Cu2+ ions. Biochar
B-D1 generally has a better affinity for heavy metals than biochar B-D2. However, the
tested biochars exhibit higher biosorption capacity for biosorption of heavy metals than
for NH4

+ or PO4
3− ions. This could be related to the presence of mineral phases such as

aluminosilicate, quartz, calcite and metal oxides on the biochar surface, which promote the
sorption of metals [108]. The main mechanisms responsible for the heavy metal adsorption
on biochar include complexation with oxygen-containing functional groups (-OH, -COOH),
coordination of heavy metals with π electrons in unsaturated bonds (-CH, C=O and C=N),
precipitation with different minerals such as PO4

3− and ion exchange with positively
charged ions such as K+, Ca2+, Na+ and Mg2+ [48]. In particular, π-electrons in biochars
with the aromatic structure have been reported to have a strong potential to bind heavy
metals [93].

The adsorption capacities for Cu2+ and Cd2+ ions obtained in this study were slightly
higher than those reported in other works, but the comparison is difficult because the
biosorption properties of biochars depend highly on the pyrolysis temperature and type
of modification, while the initial ion concentrations also varied. For Cu2+ adsorption
by SS biochar, one of the studies reported a capacity of 5.3 mg/g (initial conc. of Cu2+
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100 mg/L) [109], while another reported 11 mg/g [110]. Biosorption capacities of up to
89 mg/g for Cu2+ and 93 mg/g for Cd2+ were achieved with hydroxyapatite-modified
sewage sludge biochar, and the capacity lower than 15 mg/g with unmodified biochar
at initial conc. of 100 mg/L [111]. Similar removal capacities for SS biochar of around
20 mg/g were obtained at a Cd2+ concentration of 50 mg/L in studies performed by Chen
et al. [52] and Gao et al. [48]. When SS biochar obtained by an electromagnetic induction
heating method was used, a biosorption capacity of 32.3 mg/g for Cd2+ ions (100 mg/L)
was achieved [32]. Compared with the above results, the biochars from this study showed
good adsorption performance for Cu2+ and Cd2+ ions, so their application as biosorbents
for the removal of heavy metals from wastewater could be possible. Further experiments
on multi-metal biosorption or biosorption of multiple pollutants need to be performed in
addition to the experiments with real wastewater.

4. Conclusions

In this work, kinetic and thermodynamic analyses of two types of solid digestate
subjected to pyrolysis process were presented: (i) sewage sludge digestate and (ii) digestate
obtained from co-digestion of sewage sludge and lignocellulosic biomass—specifically the
plant T. latifolia. Pyrolysis of raw SS and TLP was performed as well for the comparison.
Based on the experimental results, the following conclusions were made:

• Thermogravimetric analysis revealed that the digestate samples had lower weight
loss than raw SS or TLP due to pre-treatment with AD and gave higher biochar yield.
Eα values were higher for digestate than for raw samples. The maximum values were
obtained for digestate composed of a mixture of SS and TLP. The KAS and FWO
models showed excellent matching for raw materials, while for digestates, lower
correlations were observed, most likely because of heterogeneous constitution, which
influenced the pyrolysis process. Variation of the thermodynamic parameters (ΔH, ΔG
and ΔS) indicated that the degradation of digestates is more complex than degradation
of SS or TLP. TLP with the highest ΔG values exhibited the highest bioenergy potential.

• Chemical characterization of the biochars revealed high nutrient content and, thus,
good prospects for their further utilization. Biochars performed very well with regard
to biosorption of heavy metals (Cu and Cd), while biosorption of NH4

+ and PO4
3−

ions was less efficient. Modification of biochars with KOH significantly improved
their biosorption ability for all ionic species, whereas HCl modification was found to
be efficient only in the case of PO4

3− adsorption. Germination tests with cress seeds
showed that digestate-derived biochars can be used as soil amenders at a concentration
of up to 10 wt.%. SS digestate-derived biochar showed better performance than the
biochar derived from a digestate mixture of SS and TLP, the advantage of the latter
being its lower heavy metal content.

Depending on biochar properties and the results obtained, the digestate-derived
biochars can be used in various fields, such as soil conditioning and agriculture, pollution
remediation, and in modified form for other purposes. This work contributes to sustain-
ability by promoting the circularity of bioresources by using a by-product of anaerobic
digestion (digestate of sewage sludge and T. latifolia biomass) to synthesize biochar, a valu-
able product that can be used as a biofuel. The use of biochars for various other purposes
also follows the bioeconomy approach and represents a major step towards sustainability.

Limitations and Directions for Future Studies

Despite the extensive work done in this study, there are some limitations and knowl-
edge gaps that open a new path for future research.

For example, only basic thermogravimetric experiments and kinetic analysis were
performed in this study, the results of which cannot provide all the information needed
for a complete understanding of the pyrolysis process of the selected feedstocks and, thus,
experiments at a larger, pilot scale should be performed. The operating conditions, the
changes in the biochar characteristics and its yield, the formation of other phases, such as
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the gas and liquid phases, and other parameters, should also be studied in more detail. The
effects of various pollutants, including heavy metals, and the addition of various catalysts
on the pyrolysis process and biochar quality could be studied. Due to the global shortage of
phosphorus fertilizers, the possibility of phosphorus recovery should also be investigated.

This study does not address the economic aspects of biochar production from T. latifolia
and its digestate; thus, the assessment of operating costs, economic viability, and other risks
of using this plant in the pyrolysis process could be investigated. The environmental impact
is also an important issue in the pyrolysis of T. latifolia in combination with SS. A study on
the biosorption of pollutants from real wastewater by the obtained biochars would also be
interesting, as the behavior of biochars in real wastewater and the biosorption efficiency are
likely to be significantly different from the results obtained using the model water in this
study. Before the actual use of the obtained biochars for agricultural purposes, germination
experiments with other plant species, such as potato or cabbage, would be necessary to
evaluate the possible accumulation of heavy metals from biochar in the plants and their
fruits, and other changes in plant growth. Another interesting area for further study is
the modification of biochar to improve its adsorption and catalytic ability, and to produce
biochar-based catalysts or supercapacitors.
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Abstract: There are four main waste products produced during the harvesting and milling process of
sugarcane: cane trash, molasses, bagasse and mill mud–boiler ash mixture. This study investigates
the value proposition of different techniques currently not being adopted by the industry in the
utilisation of these wastes. The study addresses the technical challenges and the environmental
impact associated with these wastes and comes up with some recommendations based on the recent
findings in the literature. All the biomass wastes such as bagasse, trash (tops) and trash (leaves)
have shown great potential in generating higher revenue by converting them to renewable energy
than burning them (wet or dry). However, the energy content in the products from all the utilisation
methods is less than the energy content of the raw product. This study has found that the most
profitable and challenging choice is producing ethanol or ethanol/biogas from these wastes. The
authors recommend conducting more research in this field in order to help the sugar industry to
compete in the international market.

Keywords: sugarcane wastes; bioenergy; utilisation; mill mud; value proposition; ethanol

1. Introduction

One of the greatest challenges of the 21st century is to meet the global energy de-
mand while maintaining environmental sustainability. The possible decline in fuel supply,
together with the detrimental release of greenhouse gases, has led to an urgent need to
identify sources of renewable fuel/energy. The Australian government was expecting to
achieve a renewable energy target of 10% of total energy production by 2020 [1,2]. However,
Australia has yet to reach 2% renewable energy production. Likewise, India had similar
renewable targets to achieve by 2020 [3]. To achieve this target, biofuel was identified
to play a major role [2]. However, the use of food crops for biofuel production has been
widely criticised because the demand for food is still increasing, and the need will be
increased by a further 50% by the middle of the century [4]. Thus, there is an urgent need
to develop more sustainable alternative biofuel feedstocks that do not impact global food
production [5]. These challenges represent the key drivers for this article.

Sugarcane is identified as a main target in Australia for biofuel production. Other
annual crops such as maize, sorghum and wheat have also been identified as potential
candidates for biofuel production in Australia because these crops are widely grown.
Sugarcane bagasse, a byproduct after sugar extraction, remains in large quantities and is
used to generate electricity for the sugar factory operation by burning wet bagasse. Bagasse
is the fibrous residue, which is left over after crushing and extraction of the plant juice.
In Australia, the amount of bagasse produced each year just from sugarcane is around
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10 million tons [6]. The net theoretical calorific value produced from wet bagasse is around
7588 kJ/kg. Currently, bagasse is burned wet in the mills’ boilers [7]. This practice causes
a significant loss of energy. About 52% of energy is lost in evaporating the moisture in
bagasse. The conversion efficiency of heat to electricity in this process is low; the energy
efficiency of a conventional thermal power station is typically 33% to 48% [6]. This means
around 52% to 67% of the energy content in the fuel is lost, and this also releases a large
quantity of CO2 into the atmosphere.

Australian bagasse fibre mainly consists of 43% and 25% of cellulose and hemicellulose,
respectively. The remaining constituents are ashes and waxes. Cellulose and hemicellulose
content are around 70%; this makes it a potential candidate for bioethanol production.
Bagasse represents a low-cost raw material when compared to wood. Its estimated value
at the sugar mills is typically around AUD 40 per dry ton [8]. If energy can be produced
from bagasse by converting it to ethanol, additional income can be generated. The solid
waste generated from the fermentation is almost 50% of the bagasse, and this can be used
as fuel for a boiler to generate steam and electricity.

In Australia, crop residues from maize, sorghum, wheat and other small grain crops
are largely used as mulch after harvesting. For example, the harvest index of modern
grain crops falls within the range of 0.4 to 0.6, which is the ratio of harvestable yield to
biomass ratio [9,10]. On this basis, the remaining agricultural waste, except waste from
cereal crops, accounts for nearly 250 million metric tons of lignocellulose biomass globally.
This can be used for bioethanol production, and this can further facilitate the production of
a large amount of energy needed globally. Another advantage of using crop biomass for
bioethanol is the low lignin content compared to perennial trees and higher cellulose to
hemicellulose ratio [11].

The structure of lignocellulosic biomass is determined by the cell wall structure.
Understanding biomass composition between different species and genotypes will provide
important insights into potential bioethanol production efficiency. For example, the relative
carbohydrate and lignin ratio plays an important role in the deconstruction of plant cell
walls [12]. A detailed understanding of carbohydrate composition, protein concentration
and also macro and micronutrient concentrations are essential for promoting microbial
growth, fermentation and fermentation efficiency.

Converting lignocellulose to fermentable monosaccharides is a technical challenge.
This process is hindered by many physio-chemical, structural and compositional fac-
tors [13]. Various pre-treatment techniques, such as steam explosion, alkaline, diluted and
concentrated acid and ammonia are introduced to overcome these difficulties [14]. It was
suggested that one or more of these pre-treatments might be required prior to enzymatic
hydrolysis to make the cellulose more accessible to the enzymes [1].

Australia ranks third after Brazil and Thailand in supplying raw sugar. Queensland
produces approximately 95 per cent of the sugar in Australia, and the remaining five
per cent is produced by New South Wales. There are approximately 4000 cane farming
businesses supplying 24 mills. Seven milling companies own the milling industry. Around
75 per cent of this industry is currently foreign-owned [15,16].

In 2012/13, QSL’s Discretionary Pool returned AUD 438.55 per ton of sugar. A total
of just over 30.5 million tons of sugarcane was crushed during the 2013 season with an
average cane yield of 83 tons per hectare, resulting in more than 4 million tons of sugar
being produced [15,16]. Table 1 shows the total production of sugar and byproducts from
the sugar mills in Australia.
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Table 1. Main product and byproducts of sugar cane mill.

Products Unit Production Annually Unit * Production

Main Product
Sugar metric tonne 4,360,000 tonne/hectare 11.75
Cane metric tonne 30,500,000 tonne/hectare 82.21

Byproducts
Bagasse tonne/tonne sugar 2.294 tonne/hectare 26.954

Trash tonne/tonne sugar 1.63 tonne/hectare 19.1
Molasses tonne/tonne sugar 0.229 tonne/hectare 2.695

Mill mud ** tonne/tonne sugar 0.140–0.419 tonne/hectare 1.644–4.932
* 371,000 ha harvested, ** Mill mud quantity varies depend on the seasons.

Around 660 kg of solid residues are produced for each milled ton of cane (wet basis)
processed. The energy content of the residues from this industry could mean about
85 million tons of oil equivalent [17]. Figure 1 shows the trend of sugarcane production in
the world from 1997 to 2010. It shows a sharp increase in the production of sugar cane after
2006. In 2010, the world’s sugarcane agro-industry processed more than 1685 × 106 tons
of sugarcane. Currently, Brazil is the world’s leader among the sugarcane-producing
countries. In 2019, the total production of sugarcane raised to 2016 million tons; Australia
produces 1.7% of the world’s production [18].

Figure 1. World sugarcane production from 1997 to 2010 [17].

Around 80 per cent of the sugar produced in Australia is exported. Australian major
competitors are mainly from Asian Countries, especially Thailand. Thailand exports to
Indonesia, Japan, South Korea and China. Countries such as South Korea, Japan and
Indonesia import approximately 75 per cent of their sugar from Australia [15,16]. This
study aimed to explore the feasibility of a variety of methods in the utilisation of the wastes
from the sugar industry in order to generate other revenue streams to help the industry
in Australia compete in the international market. Based on the recent findings in the
literature, recommendations were made to either support the approach in some of this
literature and/or suggest different ways of utilisation based on the authors’ interpretation.
From this study, it was shown that the milling industries in most countries, including
Australia, are not in favor of exploring new methods due to a lack of knowledge related to
the commercialisation aspects. In this study, a value proposition analysis was carried out to
show the economic and environmental benefits of some of the new utilisation techniques
suggested. This study showed, despite the technical issues with some of these methods,
the potential of adopting one or more of these technologies is feasible.
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2. Methodology

The approach in this article included setting the question of the research, conducting a
targeted search tailored to the question, article screening, critical appraisal, data extraction,
examination and carrying out calculations. Different database sources were identified to be
used in the review, including scientific trusted websites and reports, and only the literature
published in English was considered. All of the literature retrieved were screened for
relevance, reliability and relevant subjects (country, scale, crop: sugarcane wastes).

The research question was focused on the quality and quantity of biomass waste pro-
duced in sugarcane farming and processing. The data collected were analysed, processed
and presented in tables and graphs; this included sugarcane productivity, sugarcane waste
byproducts, benefits and/or impacts on the environment. The methods and conversion
factors of sugarcane to biofuel and other products were presented and considered in the
economic calculation.

The main concept of this article is to show the economic advantage of converting
waste biomass solid to products. Despite the fact that most of the data are from Australia,
the analysis and calculation can be applied anywhere in the world.

3. Waste Utilisation/Recovery

Several byproducts are produced from the milling of cane stalks: wastewater, trash,
molasses, bagasse, mill mud and boiler ash. Bio-dunder is another byproduct produced
in mills that process molasses to produce ethanol. The utilisation of these byproducts in
Australia has remained the same for decades. Bagasse (wet product) is mainly used to fuel
the mill boilers and generate electricity; mill mud or filter mud and ash are mixed and
mainly used as soil ameliorants or, to a lesser extent, as plant nutrients not far away from
the mill. Molasses is mostly used as food for animals and, recently, ethanol production.
Sugarcane trash is mostly leftover in the field, and in some places, it is burned in the field
before harvesting [19].

3.1. Bagasse

Bagasse is the expended cane fibre that remains after extracting sugar juice. Bagasse is
considered a renewable fuel and can also be used as stock feed. Sugar mills burn bagasse to
generate electricity and steam for the operation. The mills actually generate more electricity
than their need. In Australia, around 400 GWh was fed to the grid in 2012 [16].

Bagasse generally contains 44–53% moisture, 1–2% soluble solids, 1–5% insoluble
solids and the remaining is lignocellulosic fibre. A typical constitutive analysis of Australian
bagasse fibre on a dry basis shows around 43% cellulose content, as shown in Table 2. The
reported composition of bagasse varies because its composition depends upon the growth
conditions of the plant, the plant tissue and the age at harvesting [8].

Table 2. A typical constitutive analysis of Australian and world bagasse fibre on a dry basis [8].

Bagasse Constituent Australia, Weight per Cent World, Weight per Cent

Cellulose 43 34–47
Hemicellulose

- Xylose
- Arabinose

31 24–29
27 –
4 –

Lignin 23 18–28
Extractives 1 –
Ash 2 –

Bagasse after crushing and extraction processes will be in the form of fibres. The
lengths of these fibres vary between 1 and 25 mm. Cellulose is surrounded by lignin and
hemicellulose. The hemicellulose provides an interpenetrating matrix for the cellulose
microfibrils, while lignin is incorporated into the spaces around the fibrillary elements [8].
Based on moisture content of 52% and the quantity produced per hectare, the potential dry
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biomass available from bagasse in Australia is around 4.8 million tons. The quantity of
each component in bagasse is presented in Figure 2.

Figure 2. Quantity of each component in bagasse (Mt) in Australia.

The practice of using bagasse as a source of renewable energy reduces Australia’s
greenhouse gas emissions by over 1.5 million tons annually [16]. Due to the cellulosic nature
of the bagasse, there are other methods of utilisation of this byproduct rather than burning
it, such as manufacturing of paper pulp and fibreboard, animal feed, manufacturing energy
pellets, fermenting to produce ethanol, biogas, butanol or hydrogen and building products.

3.2. Molasses

Molasses is a black syrup that remains after passing the boiled sugar syrup through
a centrifugation process. Around 50 per cent of the molasses produced in Australia is
exported. The remainder is used in many applications such as stock feed to make industrial
alcohol (ethanol), rum and carbon dioxide.

The amount of molasses produced as a byproduct of sugarcane processing is around
one million tons. The moisture content and total sugar content of this byproduct are around
23% and 63%, respectively. Molasses composition varies between crushing season months,
milling regions and years. The full composition of molasses is presented in Table 3.

Table 3. Mean molasses composition from surveys of NSW and Queensland sugar mills [20].

Molasses Component
NSW

(1997–2001)
Queensland
(1997–2001)

Dry matter (g/kg) 769 ± 5.9 765 ± 1.0
Total sugars (g/kg DM)

- Reducing sugars (g/kg DM)
- Sucrose (g/kg DM)

651 ± 9.6 637 ± 1.4
214 ± 10.6 183 ± 1.8
436 ± 6.9 454 ± 1.3

Ash (g/kg DM) 164 ± 8.1 176 ± 1.1
Other organic matter (g/kg DM) 184 ± 10.3 187 ± 1.3
Calculated metabolisable energy (MJ/kg DM) 10.6 ± 0.10 10.5 ± 0.02

Around 670,000 tons of Australian molasses (56% of the whole production) was ex-
ported in 1996 at prices less than those achieved selling into the domestic market [21].
Molasses used to feed beef cattle have the lowest price per ton. The prices of molasses is
around USD 100/t, compared to whole cottonseed (USD 160/t), cottonseed meal (USD
380/t), urea (USD 520/t) and alkali-treated bagasse (USD 154/t) [20]. Molasses at USD
90/ton equates to (processed) barley at USD 122/ton in the ration as a source of metabolis-
able energy (ME) and provides a cost advantage when barley exceeds USD 122/tonne, or
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whole cottonseed (WCS) exceeds USD 143 [21]. In 2019 the price of exported molasses
increased to USD 120/ton [22].

Typically, Australian molasses is 76.5% DM, has an ME value of 11.0 MJ/kg, crude
protein of 5.0% and is high in some minerals. Sugars contribute approximately 65% of the
solids, of which sucrose accounts for 70% [21]. Table 4 presents a complete analysis of the
molasses produced in Bundaberg.

Table 4. Bundaberg molasses analysis [23].

Specifications Values

TDN, % 62–65
Dry Matter, % 75.0

Total Sugars, % 50.0
Sucrose, % 35.0
Protein, % 3–5

Calcium, % 1.15
Phosphors, % 0.07

Magnesium, % 0.61
Potassium, % 5.19

Sodium, % 0.1
Chlorine, % 2.98
Sulphur, % 0.73

Copper, mg/kg 11.0
Zinc, mg/kg 11.6

Manganese, mg/kg 82.4
Iron, mg/kg 246.0

Energy, MJ.ME/kg 10.29

3.3. Cane Trash

The plant tops and dry leaves that are left on the field after harvesting are known in
the sugarcane industry as sugarcane trash. In the past, farmers used to burn this biomass
in the field in order to maintain the cultivation practices of the ratoons. In 1976, a very wet
season in North Queensland prompted the re-introduction of green cane harvesting after
a gap of more than 30 years. Green cane harvesting is associated with trash blanketing,
spreading leaves and other plant residues in a thick layer of mulch over the ground, aiming
mainly at the conservation of the soil and water [24].

It was found that the practice of maintaining the post-harvest sugarcane residues
on the field has an agronomic benefit plus improved flexibility in harvesting. With the
green cane approach, harvesting is still possible without worry about unfavorable weather
for burning, such as wet weather and unfavorable wind conditions. Zero tillage often
occurs with green cane harvesting, which enhances the movement of farm machinery in
wet weather. Moreover, this practice contributes to the protection of soil against erosion,
the reduction in variation in the soil temperature (protection from direct radiation), an
increase in the biological activity, higher rate of water infiltration (less evapotranspiration),
improvement in weed control and increase in the soil carbon stock and nutrients cycling.
However, there are also some negative effects associated with this practice. The large
amounts of trash left in the field may contribute to the reduction in ratoon sprouting,
increased risk of fire, greater incidence of sugarcane pest and disease, and difficulties in
mechanised cultivation. Harvesting green costs more because cutting rates are lower (60%
to 70%), and losses during harvesting are much higher than for burnt cane. Finally, burning
the cane before or the trash after harvesting causes an environmental issue due to the large
smoke produced [25,26].

In Brazil, currently, around 85% of sugarcane area is mechanically green harvested,
which produces cane trash between 10 to 30 t dry biomass/ha/year [25]. Over 85% of
Queensland’s sugarcane is now harvested green. In the Burdekin and in northern New
South Wales, the adoption of green harvesting is restricted due to the inability of current
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machines to harvest large cane plants and two-year crops at commercial rates. In some
other districts, this practice is inhibited due to older machinery [26].

There are possibilities of using sugarcane trash as fuel for boilers to cogenerate elec-
tricity and in the production of second-generation ethanol. In order to gain the benefit of
green harvesting and reduce its disadvantages, the question is how much trash (tops and
leaves) can be removed from a sugarcane field that can be used for other purposes [25].

A study by Franco et al. (2013) [25] showed that the tops and dry leaves contain
different nutrients and moisture; around 80% of N, P and K are derived from tops. It
is important to consider this fact when collecting trash. This study showed that more
nutrients would be recycled, and fewer mineral fertilizers might be used for sugarcane
production if tops are left in the field. It also predicted that for second-generation ethanol
production, the pre-treated dry leaves are superior to the tops. Franco et al. suggested that
it is more viable to leave the tops in the field and recover parts of the dry leaves for bio-fuel
production.

Analysis of the fresh trash samples showed that 67% of trash is composed of tops
(12.8 t/ha), and 33% is dry leaves. The studies with post-harvest residues of sugarcane
trash in Brazil and in Australia showed the amounts of trash produced per hectare did
not vary [25]. Tables 5–7 show the nutrient content, lignocellulosic materials content, and
potential amount of trash produced in Australia (both tops and leaves).

Table 5. Trash produced per hectare and its nutrient content.

Fresh Matter,
%

Fresh Matter,
t/ha

Moisture, % N, g/kg K, g/kg P, g/kg Ca, g/kg Mg, g/kg S, g/kg

Tops 67 12.8 62 7.5 12.4 0.86 6.8 1.7 1.5
Dry leaves 33 6.3 9.2 3.4 1.8 0.17 5.3 2.5 1.5

Total/average 100 19.1 44.6 4.75 5.29 0.39 5.79 2.24 1.5

Table 6. Composition of trash in regard to lignocellulosic materials and ash content.

Ash Lignin Cellulose Hemicelluloses

Tops % 4.7 21.7 39.7 32.0
t 84,813 391,586 716,403 577,454

Dry leaves % 4.7 22.7 40.8 28.7
t 99,746 481,754 865,885 609,091

Table 7. Amount of tops and leaves produced in Australia.

Byproduct Produced, t/ha
Land Harvested,

ha
Produced, t

Moisture
Content, %

Trash, tops 12.8 371,000 4,748,800 62
Trash, leaves 6.3 371,000 2,337,300 9.2

Total/average 19.1 371,000 7,086,100 44.6

4. Products from Sugarcane Wastes

4.1. Ethanol
4.1.1. From Molasses

Bioethanol and biodiesel are the only non-fossil liquid transport fuels currently
of significance on a global scale. In 2007, the world production of biofuels exceeded
111 million L/d, which is sufficient to cover 1.5% of total road transport fuel use. Bio-
fuel production is forecast by EIA to grow by about 8.6% annually to approximately
938 million L/d in 2030, increasing to 5.5% of total liquid fuel consumption [6]. Global
production of ethanol is expected to increase by 2030 to 132 billion L [27].

Ethanol can be produced from a variety of sugarcane feedstocks, including juice,
molasses and crystal sugar. Molasses (final) contains around 50% sugar. Ethanol can be
used in several products, including perfume, toiletries, cleaning products and shoe polish,
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as well as being used as a fuel. In Australia, industrial-grade ethanol is manufactured from
final molasses at Sarina by CSR Distilleries Operations Pty Ltd. and at Rocky Point by
the ethanol plant attached to Rocky Point Mill. Bundaberg Distillery uses ethanol from
fermented molasses to make rum. Bio-dunder is a waste product of the process and is used
as a fertilizer on cane farms. Table 8 shows ethanol plants in Australia, the feedstock and
the capacity of each plant.

Table 8. Ethanol plants in Australia [28].

Ethanol Plant Feed Stock Location Owner
Installed Capacity,

ML

Dalby Bio-Refinery Red Sorghum South, QLD Dalby Bio-Refinery
Pty Ltd. 80

Manildra Ethanol Plant Waste Starch Coastal, NSW Manildra Group 300
Sarina Distillery Molasses Central, QLD Sucrogen 60

Total Capacity (ML) 440

In the fermentation of molasses or sugarcane juice, sucrose is hydrolysed to hexoses
(glucose and fructose) which are fermented to ethanol, as shown in Equations (1) and
(2) [6].

C12H22O11 + H2O → 2C6H12O6 (1)

C6H12O6 → 2C2H5OH + 2CO2 (2)

The most used feedstock to produce ethanol in the cane sugar industry is final mo-
lasses. The production of final molasses in Australia is around one million tons per annum.

The updated Gay–Lussac equation for the fermentation of sugars to ethanol is as
follows [29]:

Reaction: C6H12O6 → 2C2H5OH + 2CO2
Molar mass balance (kmol × kg/kmol) 1×180.16 2×46.07 2×44.01
Mass balance (%) 100.00 51.14 48.86

The maximum theoretical yield of ethanol, based on molar mass balance, is 51.14, and
CO2 is 48.86 mass units produced per 100 mass units of dextrose. A series of experiments
carried out by Pasteur in 1989 demonstrated that the maximum practical yield could not be
more than 48.40 mass units of ethanol per 100 mass units of dextrose. This is because some
of the dextroses are consumed in side reactions necessary for ethanol synthesis. There
are many products from the side reactions such as glycerol, succinic acid, acetic acid and
others. The yields between 88% and 94% are considered good in practice. The distillation
efficiency is another factor that should be considered; distillation efficiencies are usually in
the order of 98.5% or higher [29].

Table 9 shows the potential of production of ethanol from molasses in Australia,
considering the variables involved in the process, such as conversion and distillation
efficiencies.

The residue from the fermentation of final molasses can be concentrated and is called
CMS (condensed molasses soluble). Using final molasses for ethanol production will affect
animal feed, so CMS can be used to provide a substitute for final molasses in some animal
feeds [8].

4.1.2. From Bagasse/Trash
Bagasse

Bagasse is lignocellulosic biomass that can be used for biofuel production such as
ethanol. Sugarcane bagasse is an economically viable and very promising raw material
for bioethanol and biomethane production. Converting cellulose to fermentable monosac-
charides is a technical challenge. This process is hindered by many physico-chemical,
structural and compositional factors. Pre-treatments are introduced to overcome these dif-
ficulties, such as with steam explosion, alkaline, diluted and concentric acid and ammonia.
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One or some of these pre-treatments may be required prior to enzymatic hydrolysis in
order to make the cellulose more accessible by the enzymes [1].

Table 9. Potential of ethanol production form final molasses in Australia.

Production Steps Estimated

Molasses, t 1,000,000
Sugar content, % 50
Sugar (hexoses), t 500,000

Fermentable to Ethanol, % 48.40
Ethanol potential, t 242,000

Distillation efficiency, % 98.5
Ethanol lost in the distillation, t 3630 (1.5%)
Ethanol lost as side products, t 13,700 (51.14 − 48.4 = 2.74%)

Ethanol produced, t; ML; L/t molasses 238,370; 302; 302
For fermentation yield of 88% *, t; L/t molasses 209,766; 266

CO2 produced, t 244,300
Total gain, selling molasses, (AUD 100/t) AUD 100,000,000/year

Energy content, kJ/kg; Total energy GJ 29,677; 6,225,226
Total gain, based on AUD 3.93/GJ

Based on 1 tonne of black coal, which can
produce 28 GJ energy at a price of AUD 110,

this means AUD 3.93 per GJ.

AUD 24,465,137/year

Based on AUD 1/L price of ethanol AUD 266,000,000/year
Ethanol density: 789 kg/m3, * O’Hara, 2010.

The hydrolysis reactions for cellulose can be described by Equation (3), which results
in the production of glucose monomers. However, the hydrolysis of hemicellulose, as
shown in Equation (4), produces pentose monomers (five-carbon sugars), xylose and
arabinose [8].

(C6H10O5)n + nH2O → nC6H12O6 (3)

(C5H8O4)n + nH2O → nC5H10O5 (4)

As shown in Equations (3) and (4) above, in the hydrolysis reaction of cellulose, the
molecular weight increases by 11.1% and for hemicelluloses by 13.6%. Hydrolysis of
cellulose is very important for ethanol production. It is glucose, not cellulose, that can
be consumed by the fermenting bacteria. Cellulose is very stable under many chemical
conditions because it has a crystalline structure due to the dense packing of cellulose chains.
Cellulose is not soluble in water, many organic solvents, weak acids and weak bases.

Bagasse contains around 43% cellulose (dry basis) and has a complex structure, and for
these reasons, pre-treatment is required. The harsh nature of the pre-treatment processes
may lead to the formation of several degradation products, which may reduce hexose and
pentose yields. Moreover, these products can be inhibitory to the organisms involved in
the fermentation of the sugars to ethanol. These degradation products include furfural,
5-hydroxymethylfurfural, levulinic acid, formic acid, and acetic acid [8].

The crystalline nature of cellulose restricts the achievable theoretical yield of glucose
from cellulose hydrolysis. While hemicellulose can only be hydrolysed to pentoses using
mild acid, glucose can be fermented at very high efficiencies using conventional fermenta-
tion organisms. Fermentation of pentoses by yeasts and other organisms happens at a slow
rate. Currently, the focus of research is on improving enzyme and fermentation organism
effectiveness and minimising the formation of degradation products.

In Australia, there is in excess of 10 million tons of bagasse potentially available for
the manufacture of ethanol. Bagasse represents a low-cost raw material when compared to
wood, and its estimated value to the sugar mills is typically around AUD 40 per dry ton.
Currently, bagasse is burned to produce steam and electricity [7].

A study by O’Hara (2010) stated that an ethanol yield of around 340 L/t dry fibre
could be achieved. This consists of about 260 L/t dry fibre from the cellulose component
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and 80 L/t dry fibre from the hemicellulose component of the fibre [8]. The potential of
ethanol produced from the dry fibre in bagasse is shown in Table 10.

Table 10. Potential of ethanol production from bagasse in Australia.

Bagasse Content In Wet Solid, %
Amount in 10 Mt,

Mt
Ethanol Potential,

L/t
Amount of Ethanol, L in 3.552

Million Tonne Dry Fibre

Cellulose 20.64 2.064
340 1,207,680,000Hemicellulose 14.88 1.488

Lignin 11.04 1.104 Leftover solid
Assume 20% leftover solid from cellulose and 50% from hemicellulose.

Leftover dry solids (0.2064 × 0.2 + 0.1488 × 0.5 + 0.1104 = 0.226 kg/kg wet bagasse)

In order to convert the crystalline structure of cellulose to an amorphous form, high
temperature and pressure are required (>300 ◦C and 25 MPa). Generally, there are two
methods to hydrolyse cellulose: chemically and enzymatically. The chemical method
involves using concentrated strong acids and high temperature and pressure. This method
results in toxic byproducts, which will affect the fermentation step and the fermenting
bacteria. The enzymatic method is a milder treatment and seems to be much favorable to
hydrolyse cellulose.

Table 11 shows the amount of energy produced from bagasse compared to bagasse-
based ethanol. The gain can be around 171 million dollars in favour of ethanol production.
It is worth mentioning that the number of wet solids leftover from this process is around
0.226 kg/kg wet bagasse, which can be used as boiler fuel. If ethanol is sold for AUD 1/L,
then the total revenue from ethanol can be above AUD 171 million.

Table 11. Energy production from wet bagasse compared to bagasse-based ethanol.

Sugarcane Waste Energy, kJ/kg Conversion
Energy Content in 1 kg,

kJ
Comments

Wet Bagasse 7588 — 7588 Expensive to transport and store

Ethanol 29,677 0.268 kg ethanol/kg
wet bagasse 7953 + 3990 = 11,943 kJ

Easy to transport and store
The 0.226 kg solid/kg wet bagasse
leftover can produce 3990 kJ when

burned wet (17,659 kJ/kg × 0.226 kg)
Net Energy gain 4355 kJ/kg

Net energy gain for 10 million tonnes bagasse 43,550,000 GJ
One tonne of black coal can produce 28 GJ energy at a price of AUD 110, this means AUD 3.93 per GJ. The saving is around AUD 171,151,500/year

Trash

Franco et al. (2013) [25] reported that sugarcane trash, both tops and dry leaves,
could be pre-treated hydrothermally. Hydrothermal treatment was carried out at 190 ◦C
for 10 min reaction time and 1:10 (m:v) solid–liquid ratio. The pre-treated samples then
underwent enzymatic hydrolysis. The percentage and amount of cellulose, hemicellulose
and lignin in the trash (dry basis), both the tops and leaves, were estimated and presented
in Table 12.

Table 12. Composition and amount of trash in regard to lignocellulosic materials after hydrothermal
treatment.

Tops, % Amount, t Dry Leaves, % Amount, t

Cellulose 27.1 489,031 33.6 713,082
Hemicelluloses 8.8 158,799 7.7 163,414

Lignin 15.8 285,117 18.4 390,497

The hydrothermal pre-treatment aims to remove a large fraction of hemicellulose and
the partial fraction of lignin. Glucose yields obtained after 72 h interval of enzymatic hy-
drolysis of trash subjected to hydrothermal pre-treatment are presented in Tables 13 and 14.

160



Energies 2021, 14, 5483

These processes considerably increase cellulose conversion to sugars. Based on the con-
version of glucose to ethanol of 51.1% as reported by Lavrack (2003) [29], the potential
amount of ethanol that can be produced from the trash from both the tops and the leaves is
estimated as shown in Tables 13 and 14.

Table 13. Potential of ethanol production from trash/tops.

Bagasse Content Amount, t
Conversion to
Glucose after
Hydrolysis, %

Amount of
Glucose, t

Ethanol
Potential,

Conversion%

Amount of
Ethanol, t

Amount of
Ethanol kg/t

Wet Tops

Cellulose 489,031 63.6 ± 1.7 311,023 51.1 158,933 33.5
Hemicellulose 158,799 — — — —

Lignin 285,117 — — — — —
Solid leftover, t (37% Cellulose +

Hemicellulose + Lignin) 624,859 Solid leftover is 0.1315 kg/kg wet tops

Table 14. Potential of ethanol production from trash/leaves.

Bagasse Content Amount, t
Conversion to
Glucose after
Hydrolysis, %

Amount of
Glucose, t

Ethanol
potential,

Conversion%

Amount of
Ethanol, t

Amount of
Ethanol kg/t
Wet Leaves

Cellulose 713,082 61.0 ± 1.0 434,980 51.1 222,274 95.1
Hemicellulose 163,414 — — — — —

Lignin 390,497 — — — — —
Solid leftover, t (39% Cellulose +

Hemicellulose + Lignin) 832,014 Solid leftover is 0.356 kg/kg wet leaves

The net energy gain from the produced ethanol and the solid remains after the fer-
mentation process are estimated in Table 15. In Table 15, the potential energy produced
from wet trash burned in the boiler is compared to the energy produced from converting
the trash to ethanol. The saving can be around AUD 134,626,192/year; note that this does
not include the capital and operation costs for producing ethanol from the trash. As shown
in Table 15, the leaves can produce more ethanol compared to the tops, and this supports
the suggestion made by Franco et al. (2013) [25] that the tops can be left at the field and
the leaves used for alcohol production. If ethanol is sold for AUD 1 then the total revenue
from ethanol (162.8 L/t wet tops and leaves) can be around AUD 380 million (tops AUD
158,933,000 and leaves AUD 222,274,000).
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Table 15. Energy production from wet trash compared to ethanol-trash-based.

Sugarcane Waste Energy, kJ/kg Conversion, kg/kg Wet
Energy Content in 1 kg

Wet, kJ
Comments

Wet trash 7588 — 7588 Expensive to transport
and store

Ethanol from tops 29,677 0.0335 994 + dry solid
(0.1315 × 17,659) = 3316 Easy to transport and store

Ethanol from leaves 29,677 0.095 2819 + dry solid (0.356 ×
17,659) = 9105 Easy to transport and store

Net Energy gain 4834 kJ/kg wet
Net energy gain for 7,086,100 tonne wet tops plus leaves 34,256,028 GJ

One tonne of black coal can produce 28 GJ energy at a price of AUD 110, and this means AUD 3.93 per GJ. The saving is around AUD
134,626,192/year

4.2. Other Alcohols
4.2.1. ABE—Bagasse/Trash

Butanol, an industrial solvent, can also be produced from renewable resources such
as molasses, corn, wheat straw (WS), corn stover/fibre and other agricultural byproducts.
Butanol is a superior fuel to ethanol. The fermentation process of butanol produces acetone–
butanol–ethanol (ABE) with a typical ratio of 3:6:1 [30].

A batch fermentation experiment run with glucose (59.4 g/L) as a substrate for
72 h produced 21.37 g/L total ABE (0.31 g/L·h). The conversion of glucose to ABE was
around 36% (21.37/59.4). When pre-treated wheat straw was used as a substrate, the
optimum production of ABE was achieved, the ratio of acetone, butanol and ethanol in
the fermentation broth was found to be 3:6:1, around 2.72 g/L acetone, 6.05 g/L butanol
and 0.59 g/L ethanol in 50 h [30,31]. While in a study by Qureshi et al. 2008 [31], the
productivity of 0.36 g/L·h and 0.77 g/L·h was observed in normal and highly active
cultures, respectively. C. beijerinckii P260 was used as a hydrolysate to produce butanol
from waste solid in integrated fermentations.

In a study by Jonglertjunya et al. (2013) [32], butanol production from the fermentation
of sugarcane bagasse was considered using Clostridium sp. The bagasse was first pre-
treated mechanically by a ball mill to reduce its particle size and then by acid hydrolysis at
different temperatures. The results showed that 24 h butanol fermentation of sugarcane
bagasse hydrolysate by Clostridium beijerinckii (TISTR 1461) provided the highest butanol
concentration of 0.27 g/L. The bagasse (dry)-to-solvent ratio used was 1:10. However,
ethanol and acetone were observed to be very low (<0.05 g/L).

In another study, Congcong Lu (2011) [33], showed that butanol could be produced
from various agricultural bio-wastes using selected mutant strains of C. beijerinckii. Corn
fiber, cassava bagasse, wood pulp and sugarcane bagasse were investigated as potential
feedstocks for butanol production from ABE fermentation. In batch fermentation, 12.7 g/L
and 15.4 g/L ABE were obtained using corn fibre hydrolysate and cassava bagasse hy-
drolysate, respectively. For wood pulp hydrolysate and sugarcane bagasse hydrolysate,
11.35 g/L and 9.44 g/L ABE, respectively, were produced [33]. By assuming the same
conversion rate of the cellulose in the tops, leaves and bagasse, Tables 16 and 17 show
the potential amount of ABE produced and the revenue that can be generated from these
wastes.
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Table 16. Potential amount of ABE produced from trash and bagasse.

Cellulose
Amount, t

Convert to
Glucose,

Average, %

Glucose Convert
to ABE, %

Amount of
ABE, t

Amount Of ABE,
Kg/Kg Wet Waste

Trash tops 489,031 61 36 107,391 0.0226
leaves 713,082 61 36 156,592 0.0669

Bagasse 2,064,000 61 36 453,254 0.0453

Table 17. Energy production from wet trash and bagasse compared to ABE-trash/bagasse based.

Sugarcane Waste
Energy, ABE

kJ/kg
Amount of ABE,
kg/kg Wet Waste

Energy Content, kJ/kg Wet
Solid

Total Amount, t Total Energy, GJ

ABE
ABE 3:6:1

Average Energy = (3
× A + 6 × B + 1 × E)

Tops 31,377 0.0226 709 + dry solid
(0.094 × 17,659) = 2369 * 4,748,800 11,249,650

Leaves 31,377 0.0669 2099 + dry solid (0.24 ×
17,659) = 6337 * 2,337,300 14,811,844

Bagasse 31,377 0.0453 1421 + dry solid (0.26 ×
17,659) = 6012 * 10,000,000 60,123,400

* solidleftover is Hemicellulose+ Lignin, kg dry solid/kg wet solid × kJ/kg dry solid = kJ/kg wet solid.

4.2.2. Furfural—Bagasse/Trash

Furfural is produced from several agricultural wastes such as corncobs, cottonseed
hull, oat hull, bran, sawdust, bagasse and rice hull. The most readily available and
potentially low-cost raw material for furfural production is bagasse. These biomasses
contain the polysaccharide hemicellulose (pentosan); when hemicellulose is heated with
sulfuric acid, it undergoes hydrolysis to yield the monosaccharide xylose. Under the same
conditions of heat and acid, xylose undergoes dehydration to provide furfural [34].

Polysaccharide hemicellulose is available in many plant materials. It is a polymer of
sugars that contains five carbon atoms each. When heated with sulfuric acid, it undergoes
hydrolysis to yield sugars, principally xylose. Under the same conditions of heat and acid,
xylose and other five-carbon sugars undergo dehydration, losing three water molecules to
become furfural: [C5H10O5 → C5H4O2 + 3H2O].

In a study by Uppal et al. (2008) [34], the experiments were carried out to show
furfural production from sugarcane bagasse. Bagasse samples were treated with different
acids at variable concentrations, solid–liquid ratio of 1:15 at 110 ◦C and 1.05 kg/cm2 steam
pressure for different reaction times of 30, 60 and 90 min. The study showed that 2% H2SO4
and 90 min reaction provided the highest yield. The highest amount of furfural was 14%.

Furfural can be converted to furfural alcohol with flammable hydrogen gas and
requires pressure equipment. Based on a study by Wondu Business and Technology
Services (WBTS; 2006) [35], around 9.2% furfural and 4.2% acetic acid could be produced
from hydrolysis and dehydration of foliage wood (dry basis).

By considering the conversion rate presented by WBTS (2006) [35], Table 18 shows the
amount of furfural and acetic acid that can be produced from the hemicellulosic portion of
trash and bagasse.

Table 19 shows the revenue that can be made from investing in the production of
furfural and acetic acid from these cellulosic byproducts. Note that the capital and operating
costs associated with this process are not included.
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Table 18. Potential amount of furfural produced from trash and bagasse.

Hemicellulose
Amount, t

Convert to
Furfural,
Yield, %

Amount of
Furfural, t

g/kg Wet
Convert to

Acetic Acid,
Yield, %

Amount of
Acetic Acid,

t
g/kg Wet

Trash
tops 158,799 9.2 14,609 3.1 4.2 6669 1.4

leaves 163,414 9.2 15,034 6.4 4.2 6863 2.9
Bagasse 1,488,000 9.2 136,896 13.7 4.2 62,496 6.3

Table 19. Potential revenue of furfural produced from trash and bagasse.

Liquid Products
Amount of
Furfural, t

Price, AUD/t * Revenue Generated, AUD
Amount of

Acetic Acid, t
Price, AUD/t

Revenue
Generated,

AUD

Trash
tops 14,609 1200 17,530,800 6669 550 3,667,950

leaves 15,034 1200 18,040,800 6863 550 3,774,650
Bagasse 136,896 1200 164,275,200 62,496 550 34,372,800

Solid left after fermentation Energy, kJ/kg
dry solid

Amount of dry solid, t
(cellulose + lignin) Total, GJ Revenue

Trash
tops 17,659 774,149 13,670,697 53,725,839

leaves 17,659 1,103,579 19,488,101 76,588,239
Bagasse 17,659 3,168,000 55,943,712 219,8587,88

One tonne of black coal can produce 28 GJ energy at a price of AUD 110, this means AUD 3.93 per GJ.
Total revenue from the liquids produced and the solids remained

Trash
tops 74,924,589

leaves 98,403,689
Bagasse 418,506,788

* assumption made AUD = USD.

4.3. Hydrogen—Bagasse/Trash

An investigation by Tanisho et al. (1996) [36], hydrogen production from anaerobic
fermentation of sugar showed a conversion efficiency of 2.4 mol H2/mol sugar. The direct
fermentation of sugarcane juice for the production of H2 does not seem feasible; it will be a
major diversion from sugar or ethanol production. The available energy is around 1/1.35
of that in ethanol, and it comes at a price around 1.3-fold that of producing ethanol [37].

Lignocellulosic materials such as bagasse can be used to produce hydrogen after
pre-treatment. There are two pre-treatment methods for sugar extraction from bagasse
biomass, and in both methods, Enterobacter aerogenes MTCC 2822 is used: (a) hot water
treatment (10% w/v, lasting 2 h,110 ◦C); the resulting extract contained ~1% sucrose (w/w),
while in (b), bagasse is treated by acid hydrolysis (HCl 1N, 80 ◦C, 2 h) wherein the sugar
yield increased to 2.5% (w/w).

Table 20 shows the potential of hydrogen production from generated sugar and the
byproducts of sugarcane processing. In the case of bagasse as a substrate, the water
extraction route seems to be a better alternative; although sugar recovery is limited to
1% (w/w), the advantage is complete recovery, and the spent bagasse can be reused as
fuel or composting. Based on the study by Tanisho et al. (1996) [36], theoretical hydrogen
production from sugar can be presented by the following equation.

Reaction: C6H12O6 → 2.4 H2 + others
Molar mass balance (kmol × kg/kmol) 1 × 180.16 2.4 × 2
Mass balance (kg) 180.16 4.8

Table 20 shows the production of 26.6 kg H2 for each ton of sugar; this means a
conversion of 2.6% only. Table 21 shows that converting sugar to hydrogen is not a feasible
option; the revenue generated from sugar-based hydrogen is only 3.8% of the revenue
generated from selling the sugar.
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Table 20. Potential of production of hydrogen from sugar, molasses, bagasse and trash [36,38].

Substrate H2 Production H2 Production
Sugar and Byproduct

Production, t
Total H2

Production, mm3

Sugar 2.4 mol H2/mol
sugar * 313.4 m3/t sugar 4,360,000 1366.4

Molasses (53% sugar) 2.4 mol H2/mol
sugar *

166.1 m3/t
molasses

998,440 165.8

Bagasse

Acid hydrolysis
route, sugar 2.5%

(w/w)

0.072 m3H2/kg of
dry bagasse

72 m3/t dry
bagasse

5,000,000 360

Water extraction
route, sugar 1%

(w/w)

0.055 m3H2/kg of
dry bagasse

55 m3/t dry
bagasse

5,000,000 275

Trash
Water extraction
route, sugar 1%

(w/w)

Tops 0.055 m3H2/kg of
dry trash 55 m3/t dry tops 1,804,544 99.25

Leaves 0.055 m3H2/kg of
dry trash 55 m3/t dry leaves 2,122,268 116.7

Gas density of hydrogen: 0.085 kg/m3 (at 1.013 Bar and 15 ◦C), * hydrogen production of 1.85 mol H2/mol hexose [39].

Table 21. Potential of hydrogen production from bagasse.

mm3,
kg

Energy Content MJ/kg
Total Energy

GJ
Gain,
AUD

Sugar 1366.4;
116,144,000 142 16,492,448 64,815,320

Molasses (53% sugar) 165.8;
14,093,000 142 2,001,206 7,864,739

H2 from bagasse, acid hydrolysis 360;
30,600,000 142 4,345,200 17,076,636

H2 from bagasse, water extraction 275;
23,375,000 142 3,319,250 13,044,652

H2 from Trash—tops, water extraction 99.25;
8,440,000 142 1,198,480 4,710,026

H2 from Trash—leaves, water extraction 116.7;
9,920,000 142 1,408,640 5,535,955

Solid left after fermentation Energy, kJ/kg dry
solid

Amount of dry solid, t
(hemicellulose + lignin) Total, GJ Revenue

Bagasse, Water extraction 17,659 2,592,000 45,772,128 179,884,463
Trash, water

extraction
Tops 17,659 969,040 17,112,277 67,251,250

Leaves 17,659 1,090,845 19,263,231 75,704,501
One tonne of black coal can produce 28 GJ energy at a price of AUD 110, and this means AUD 3.93 per GJ.

Sugarcane Trash is assumed to have a similar conversion to bagasse in order to
estimate the hydrogen production potential for this byproduct. The potential amounts
of energy and the revenue from this energy that can be produced from sugar, molasses,
bagasse and trash are summarised in Table 21. The table shows the value of the hydrogen
produced based on the cost of one GJ of energy from coal.

Based on the price of molasses of USD 100/t, the revenue generated from molasses-
based hydrogen is only 7.8% of the molasses value in the market. Both options of producing
hydrogen from sugar and molasses are not feasible based on the current conversion ratio
and the available technologies in this regard.

Based on the water extraction method for producing hydrogen from the bagasse and
trash, Table 21 shows the revenue that can be generated. In these cases, only cellulose was
assumed to be consumed in the process.

4.4. Ethanol and Biogas—Bagasse/Trash

Anaerobic digestion (AD) of sugarcane waste is a promising strategy because the
digestate could still be used to partially replace mineral fertilizers in addition to the
production of biogas. Biogas could be upgraded to biomethane and sold as a new energy
produced by the sugarcane plants. However, implementing a large-scale biogas plant using
sugarcane waste as a substrate has many challenges. The C:N ratio of bagasse and trash
are around 116:1 and 83:1, respectively. This shows a significant lack of nitrogen in these
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wastes. Moreover, not all the carbon content in these lignocellulosic substrates is available
for degradation, such as lignin. In addition, sulfur and phosphorus contents are low. A
co-digestion strategy is required to balance the macronutrients of the sugarcane waste and
add nitrogen to balance the C:N ratio [40]. The results by Janke et al. (2015) [40] showed
that hydrogen peroxide pre-treatment (1 h, 25 ◦C, 7.35% v/v) provides better results than
lime pre-treatment, the total production of methane from the separated liquor and from the
enzymatic hydrolysis (3.5 FPU/g, 25 CBU/g) of the solid residue achieved around 49.1 g
methane/kg dry bagasse (74.8 L/kg). In addition, this process produced, from the other
products (liquor from the enzymatic hydrolysis), around 201.5 g ethanol/kg dry bagasse
and 112.7 g recovered lignin. Biochemical potential (BMP) tests were carried out under
mesophilic conditions with the addition of a solution of macroelements (source of N, P,
Mg, Ca, K), a solution of oligoelements, a solution of bicarbonate (buffer solution) and
inoculum from an anaerobic digester.

In Australia, the price of electricity is around 30 cents/kWh for households, and
it is around 15–26 cents for large commercial businesses. A biogas project in Australia
can generate electricity for large industrial users for 7–10 cents/kWh. Such a project will
generate more income from renewable energy certificates (RECs) and savings by recycling
the generated heat. For example, a biogas plant that produces 26.5 million m3 of biogas
(52% methane) annually will be able to generate 55 million kWh of electricity. This means
that each one cubic meter of biogas can generate around 2.1 kWh of electricity worth 21
cents of electricity (10 cents/kWh). With further development in the field of pre-treatment
of the substrates fed to the anaerobic digester, biogas yield and quality can be enhanced,
and this may lead to higher economic benefit for the biogas plant owners [37].

Based on the price of electricity, the revenue from sugarcane waste can be around
AUD 8.1 billion for the bagasse and trash (Table 22).

Table 22. Biogas production from sugarcane wastes (bagasse and trash).

Waste Type Fuel Type

Methane Production,
m3 Methane/Ton of

Waste on Dry Weight
Basis

Total Amount, t
Electricity
Generated,

kWh/m3

Price, AUD/kWh;
AUD/L

Value, AUD

Bagasse Biogas 74.8 5,000,000 2.1 0.1 78,540,000
Trash 74.8 3,926,812 2.1 0.1 61,682,362

Total 140,222,362
Bagasse

Ethanol
0.255 5,000,000 – 1.0 1,275,000,000

Trash 0.255 3,926,812 – 1.0 1,001,337,060
Total 2,276,337,060

Overall Total 2,416,559,422

4.5. Dry Pellets—Bagasse/Trash

Bagasse is the fibrous residue of the cane stalk left after crushing and extraction of the
juice. It consists of fibres, water and relatively small quantities of soluble solids—mostly
sugar. The average composition of mill-run bagasse is as follows: fibre (including ash) 48%,
moisture 50% and soluble solids 2% [41].

The calorific value (CV) of bagasse is provided by the formula [41]:

Net CV = 18 309 − 31.1 S − 207.3 W − 196.1 A (expressed in kJ/kg).

where; S = soluble solids % bagasse, W = moisture % bagasse, and, A = ash % bagasse,
In case of dry material;
If W = 0, S = 2 and A = 3, then the net CV of bone-dry bagasse = 17,659 kJ/kg.
In case of wet material;
If W = 50, S = 2 and A = 1.4 then the net CV of mill run bagasse = 7588 kJ/kg.
The ratio of the energy content of dry to wet bagasse is 2.33. This means that by drying

the bagasse, there is a potential to raise the energy produced by 2.3 times for each kilogram
burned.
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The energy required for evaporating the water from the wet solid can be calculated as
follows:

The amount of energy required to evaporate 1 kg of water at a medium drying
temperature of 150 ◦C is;

Q = m [Cwater × (To − Ti) + λ]

Q = 1 kg [4.1868 KJ/(kg water.K) × (150 − 25) ◦C+ 2260 KJ/kg] = 2783 kJ

Most of this energy, around 80%, can be recovered by a heat exchanger (2226.7 kJ).
Table 23 shows the energy required and the potential energy that can be recovered from
burning dry bagasse.

Table 23. Energy required for drying bagasse.

Energy for Drying,
kJ/kg Water

Total Energy for
Drying, GJ

Recovered,
kJ/kg (80%)

Total Recovered,
GJ

Net Lost, GJ

Dry Bagasse 2783 13,915,000 2226.7 11,133,400 2,781,600

The net energy difference between wet bagasse and dry bagasse can be around
14,925,400 GJ which means a saving of AUD 37,859,262, as shown in Table 24.

Table 24. Net energy difference between wet and dry bagasse.

Amount, t Energy Content, kJ/kg Total, GJ
Lost Due to
Drying GJ

Total, GJ

Wet Bagasse 10,000,000 7588 75,880,000 — 75,880,000
Dry Bagasse 5,000,000 17,659 88,295,000 2,781,600 85,513,400

Net energy gain from drying bagasse 9,633,400
One tonne of black coal can produce 28 GJ energy at a price of AUD 110, and this means AUD 3.93 per GJ. The saving is around

AUD 37,859,262

By using a similar approach for sugarcane trash, the revenue that can be made from
burning wet trash can be around AUD 35 million. This can be increased by AUD 5 million
when the trash is dried before burning it in the boilers (Table 25). However, these figures
do not include the capital and operation costs of collecting, storing and hand selling the
trash from the field.

Table 25. Net energy difference between wet and dry trash.

Amount, t
Energy

Content, kJ/kg
Total, GJ

Lost Due to
Drying GJ

Total, GJ

Wet trash
Tops 4,748,800 4472 21,239,150 — 21,239,150

Leaves 2,337,300 15,417 36,036,421 — 36,036,421

Dry trash Tops 1,804,544 17,659 31,866,442 1,639,950 30,226,492
Leaves 2,122,268 17,659 37,477,137 119,772 37,357,365

Net energy gain from drying Trash Tops 8,987,342
Leaves 1,320,944

One tonne of black coal can produce 28 GJ energy at a price of AUD 110, and this means AUD 3.93 per GJ. By collecting and
burning the trash (tops), the revenue generated can be as much as AUD 35,320,254. By drying and burning the trash (leaves), the

revenue can be increased by AUD 5,191,309.

Superheated steam drying may be suitable for drying these wastes as they are non-
sensitive materials and save energy. There are many advantages for superheated steam
drying that have been reported in the literature, one of these is the ability to recycle the
steam through the process [42]. The only energy leaving the system in this case is the
extra vapor that has been evaporated from the materials under drying, which saves energy.
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Dust collection in superheated steam drying is much simpler by passing the excess vapor
through condensers [43,44]. Pronyk et al. (2004) [45] illustrated that the use of superheated
steam as a drying medium for non-temperature sensitive products could lead to energy
savings as high as 50–80% over the use of hot air or flue gases. These savings can be
achieved due to higher heat transfer coefficients and the increased drying rates in the
constant and falling periods if the steam temperature is above the inversion temperature.
Some valuable volatile organic compounds generated from the drying material can be
recovered and separated by a condenser [46,47]. Some applications involving steam drying
are drying of fuels and biofuels with high moisture contents prior to combustion in a boiler
and cattle feed exemplified by sugar beet pulp, lumber, paper pulp, paper and sludge [48].

4.6. Pyrolysis and Gasification—Bagasse/Trash

Pyrolysis and gasification are thermochemical processes where the gases and liquids
produced can be used as energy. These processes produce a combination of gases such
as methane (CH4), hydrogen (H), carbon monoxide (CO), carbon dioxide (CO2) and light
hydrocarbons. Moreover, biochar and tar (bio-oil) are produced. These products have high
commercial value and can be produced from the pyrolysis of bagasse. The pyrolysis of
sugarcane bagasse occurs in the absence of oxygen and can be accomplished in two ways,
with or without carrier gas (nitrogen). The literature emphasises that it is very difficult
to perform this process without the use of carrier gas (N2); this occurs because of the
formation of soot. Gasification takes place in the presence of oxygen in the form of air,
pure oxygen or steam, and it is not therefore necessary to use a carrier gas. The gasification
process can be defined as a process of partial combustion because it uses an amount of air
less than that required stoichiometrically [49].

A company called Agri-Therm built the first bubbling fluidised bed mobile pyrolysis
unit on the market. The cost of the mobile unit is estimated to be AUD 1.5 million,
processing 3600 dry tones (20% MC) per year. The biochar produced from bagasse is
expected to be of lower technical quality and can be valued at the lower end of the
price range (AUD 250 per ton). Energy costs are minimal as the non-condensable gases,
and entrained bio-oil from the pyrolysis are used to provide an energy self-sustaining
operation [50].

Table 26 shows the results of a study by Figuero et al. (2013) [49]; the percentages
of gas, tar and char produced at different reaction temperatures in a pyrolysis reaction.
The table shows clearly that the increase in temperature favours the production of gas.
Table 27 shows the percentages of gas, tar and char produced at different reaction times in
a gasification reaction.

Table 26. Gas composition at different temperatures—pyrolysis [49].

500 ◦C 600 ◦C 700 ◦C 800 ◦C 900 ◦C

Char, wt% 45.4 41.9 32.9 27.6 26.4
Tar, wt% 22.1 22.8 24.1 20.9 20.6
Gas, wt% 32.5 35.3 43.0 51.5 53.1

Gas, mole

H2 – 3 42 49 42
CO 8 10 – – 19
CH4 22 29 35 29 18
CO2 70 56 23 22 21

Butane – 1 – – –
Ethane – 1 – – –
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Table 27. Gas composition at 900 ◦C and different reaction times—gasification [49].

20 min 40 min 60 min 80 min 120 min

Char, wt% 7
Tar, wt% 27
Gas, wt% 66

Gas, mole

H2 52 54 57 59 60
CO 19 19 18 17 16
CH4 5 6 5 4 4
CO2 24 21 20 20 20

Butane – – – – –
Ethane – – – – –

Tables 28 and 29 show the conversion from mole per cent to weight per cent for the
gases produced during the two processes.

Table 28. Converting mole per cent to weight per cent—pyrolysis at 900 ◦C.

900 ◦C,
kmole

Mwt,
kg/kmole

Wt, kg Wt %

Gas, mole

H2 42 2 84 4.6
CO 19 28 532 29.1
CH4 18 16 288 15.8
CO2 21 44 924 50.5

Butane – – – –
Ethane – – – –

100 1828 100

Table 29. Converting mole per cent to weight per cent—gasification at 900 ◦C.

60 min,
kmole

Mwt,
kg/kmole

Wt, kg Wt %

Gas, mole

H2 57 2 114 7.2
CO 18 28 504 31.9

CH4 5 16 80 5.1
CO2 20 44 880 55.8

Butane – – – –
Ethane – – – –

100 1578 100

Table 30 shows the potential amount of char, tar and gases produced during the
pyrolysis and gasification processes for each tonne of wet bagasse.

Table 31 shows the potential energy generated from the gasses produced during the
pyrolysis and gasification processes. It is worth mentioning here that the capital and
operating costs for these processes are not included in the calculations of the revenues.
Based on the revenue generated for each kilogram of dry solid bagasse, the revenue that
can be generated from pyrolysis and gasification of cane trash is estimated in Table 32.
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Table 30. Amount of char, tar and gases produced during the pyrolysis and gasification processes.

Pyrolysis Gasification

Wt% at 900 ◦C
Amount, kg/t
dry Bagasse

Amount, kg/t
wet Bagasse

Wt% at 900 ◦C
and 60 min

Amount, kg/t
Dry Bagasse

Amount, kg/t
Wet Bagasse

Char 26.4 264 132 7 70 35
Tar 20.6 206 103 27 270 135
Gas 53.1 531 265.5 66 660 330

Gas

H2 4.6 24.4 12.2 7.2 47.5 23.75
CO 29.1 154.5 77.25 31.9 210.5 105.25
CH4 15.8 83.9 41.95 5.1 33.7 16.85
CO2 50.5 268.2 134.1 55.8 368.3 184.15

Butane – – – – – –
Ethane – – – – – –

Table 31. The potential energy and revenue from pyrolysis and gasification.

Utilisation
Method

Amount, kg/t Wet
Bagasse

Total Amount, t
Energy Content,

kJ/kg
Total Energy, GJ Value, AUD

Pyrolysis at 900 ◦C for 1 h
Char (AUD 250/t) 132

10,000,000

– – 250,000,000
Tar 103 22,100 22,763,000 89,458,000
H2 12.2 142,000 17,324,000 68,083,320
CO 77.25 10,100 7,802,250 30,662,842
CH4 41.95 55,500 23,282,250 91,499,242
CO2 134.1 – – –

Total * 529,700,000
Gasification at 900 ◦C and 60 min

Char (AUD 250/t) 35

10,000,000

– – 87,500,000
Tar 135 — — —
H2 23.75 142,000 33,725,000 132,539,250
CO 105.25 10,100 10,630,250 41,776,882
CH4 16.85 55,500 9,351,750 36,752,377
CO2 184.15 – – –

Total * 298,568,000

* The energy required for these processes is not included.

Table 32. The potential revenue from pyrolysis and gasification of cane trash based on AUD/kg
generated from bagasse/cane trash.

Bagasse Dry Solid, kg Revenue, AUD Rate, AUD/kg

Bagasse Pyrolysis 5,000,000 529,700,000 106
Gasification 5,000,000 298,568,000 60

Trash Rate, AUD/kg Dry solid, kg Revenue, AUD

Trash—Tops Pyrolysis 106 1,804,544 191,281,664
Gasification 60 1,804,544 108,272,640

Trash—Leaves
Pyrolysis 106 2,122,268 224,960,408

Gasification 60 2,122,268 127,336,080

4.7. Pulp and Paper—Bagasse/Trash

In Australia, in 2003, an estimated 1.45 million tons of pulp were transformed into
paper grades, of which 357,000 tones were imported [7]. Table 33 shows the quantity of
bagasse produced in Australia and the potentially available quantity of de-pithed bagasse.
The fibre content of the cane is 13%; 35% of the dry bagasse fibre is required to be removed
as pith. Assuming 45% pulp yield, then chemical pulp produced from bagasse can be as
much as 438,750 tons of pulp per year. The separated solid and pith would be returned to
the sugar mill to generate energy [7]. The total gain, assuming no loss in the solid during
the process, can be around AUD 777,137,455/year, as shown in Table 34. As the trash (top)
is similar to the bagasse, the same pulp production rate of 0.088 kg pulp/kg dry solid is
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assumed to calculate the potential revenue from trash (tops). As shown in Table 34, the
revenue that can be generated from the trash (tops) can be as much as 290 million dollars.
The trash (leaves) were not considered for pulp due to its unsuitable structure for this
process.

Table 33. Potential pulp production from Bagasse in Australia.

Total Quantity,
t

Fibre Content,
%

Total Fibre, t

Fibre Is
Required to Be

Removed as
Pith, %

Pulp Yield, %
Potential Pulp,

t

Bagasse 10,000,000 13 1,300,000 35 45 438,750

Total quantity, t
Solid remained
after removing

the fibre, %

Total solid
remained, t

Solid remained
as pith

Solid remained
based on

converted yield,
t

Total remained
after removing
the potential

pulp, t
Solid remained,

dry, wet 10,000,000 37 3,700,000 455,000 250,250 4,405,250;
9,405,250

Table 34. Potential gain from pulp production from Bagasse and trash in Australia.

Product Amount Price
Total Revenue,

AUD

Bagasse

Pulp * 438,750 t 1132 AUD/t ** 496,665,000
Wet Solid, fuel for

the boiler (50%
MC)

9,405,250 t ***,
71,367,037 GJ 3.93 AUD/GJ 280,472,455

Total *** 777,137,455

Product Production rate,
kg/kg dry solid Total, t Total produced, t Total revenue,

AUD

Trash—tops
Pulp * 0.088 1,804,544 158,799 179,761,455

dry Solid, fuel for
the boiler 0.88 1,804,544 1,587,998 110,206,904

Total *** 289,968,359

* Does not include the processing of bagasse to produce pulp. ** retrieved from http://www.indexmundi.com/commodities/?commodity=
wood-pulp&currency=aud (access on 15 April 2021). *** Assume no solid losses during the process.

There are several technical challenges related to the manufacturing process of pulp
from bagasse [7]; the following are some of these technical issues:

� Storage: bagasse is a seasonal byproduct from the milling process; it is produced in
huge quantities in a short period of time. Large storage facilities and long storage time
is required in order for the pulping process to proceed. Special methods of storage
are required as bagasse is prone to biological activity. This may lead to color and fibre
degradation, as well as loss of fibre properties;

� De-Pithing: bagasse normally contains 30–35% fine, thin walled and low cellulose
content cells, which should be removed from the pulping process. These cells are
called “Pith Cells”, the presence of such fibres can result in higher consumption of
chemicals, poor draining pulp and reduced scattering power in mechanical pulps. An
enhanced de-pithing process is required to reduce economic losses;

� Silica content: bagasse contains high quantities of silica compared to woody fibre
sources such as eucalyptus. Silica is a major issue in the pulping process. The removal,
chemical recovery or other reliable methods are required to make the operation
practical.
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4.8. Product from Sugar—Ethanol

Theoretically, around 48.4% of the sugar can be converted to ethanol. Table 35
shows that converting sugar to ethanol can generate extra revenue of around AUD
974,175,411/year.

Table 35. Ethanol production from sugar.

Products Production, t/y
Fermentable
Ethanol, %

Ethanol, t/Year
Energy Content,

kJ/kg
Total Energy, GJ

Sugar 4,360,000 48.4 2,110,240 29,677 62,625,592
Production, t/y Price AUD/t Total AUD

Sugar 4,360,000 390 * 1,700,400,000
Based on AUD 3.93/GJ the total gain from converting sugar to ethanol will be around AUD 246,118,576/year or based on AUD 1/l

ethanol, the revenue is around AUD 2,674,575,411/year

* http://www.rabobank.com.au/Research/Documents/Agribusiness_monthly/2013/Agri_Monthly_Jun-2013.pdf (access on 15 April 2021).

5. Sustainability of Sugarcane Production

There are 100 million people on the globe who make a livelihood from the sugarcane
industry. The industry needs to overcome significant obstacles to accomplish voluntary
sustainability standard (VSS) compliant sugarcane. This includes control pollution and
greenhouse gas emission, enhancing producer profitability and providing a healthy, safe
environment and respect for the right of the laborers [51].

The European Union imported more than 43 million liters of ethanol produced from
Brazilian sugarcane. Brazil produces ethanol from sugar, currently this leading to exploita-
tion and destruction of Amazon and Pantanal native vegetation [52]. This is happening
in other countries; for example, Australia is currently working to reverse the impact of
nutrient runoff on the Great Barrier Reef, which has been an issue for a long time [26].
Adding to these issues, artificial sugar can threaten this industry and direct its bath to less
profitable products of biofuel from sugar.

This article addresses two of the important factors to accomplish sustainability in
this industry: enhancing profitability and reducing greenhouse emissions. One way to
execute this is by utilising the byproducts (rather than sugar) from this industry, such as
bagasse, molasses and cane trash, to produce biofuel and other products that have a higher
value. The technology is still progressing to make biofuel from lignocellulosic material
economically feasible [53]. Moreover, the use of sugarcane byproducts does not conflict
with land use for agricultural products. A small portion of the byproduct biomass can be
left on the ground for soil enhancement purposes, and a larger portion can be utilised in
the production of biofuel.

6. Recent Development in Sugarcane Industry

Worldwide sugarcane production in 2020/2021 reached 1,889,268,880 tons produced
per year. The largest sugarcane producer in the world is Brazil, with 768,678,382 tons per
year. The second highest producer is India, with 348,448,000 tons yearly production. Both
countries, Brazil and India, produce 59% of the world’s total. Australia ranks eighth in the
world with 34,403,004, and the production increased by around 4 million tons in the last
decade [54]. Worldwide sugar production in the 2019–2020 crop year was approximately
166.18 million metric tons. The global sugar production in 2020/2021 was approximately
179 million metric tons [55]. Sugar production worldwide, by leading country, is presented
in Figure 3; the figures are in a million metric tons. Based on the sugar production figures,
bagasse, trash, molasses and mill mud can be calculated as they represent percentages of
the sugar production.
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Figure 3. Worldwide sugar production by the ten leading countries [55].

In 2019 the price (in USD) of exported molasses increased to USD 120/ton [22]. Recent
prices in 2021 for different energy sources are as following: ethanol USD 0.586/L, coal USD
0.171/kg, natural gas 0.121/m3, and bagasse USD 29–35/dry ton.

Based on Table 1 and the percentages of each of the byproducts produced per tone
of sugar, Table 36 shows the expected global byproducts productions in 2020/2021. Fol-
lowing the same method/concept above, an estimation of biofuel production from these
byproducts can be derived. By 2030, global ethanol production is expected to increase to
132 billion L. Currently, maize contributes to about 60% of the ethanol produced, sugar-
cane 25%, wheat 3%, molasses 2% and the remainder from other grains, cassava or sugar
beets [27].

Table 36. Estimated global production of sugarcane byproducts is 2021.

Byproduct Produced, Tone

Bagasse 9575.87
Trash 6804.3

Molasse 955.92
Mill mud 584.40–592.75

In a study by Strain and Akshaya [56], they showed 74 ± 3 g/L of fermentable sugar
from pre-treated bagasse, steam-exploded acid bagasse can be achieved, in addition to
bioethanol production of 34 ± 2 g/L during a fermentation period of 36 h [56]. The
theoretical amount of bioethanol that can be produced from sugar (glucose) is 0.51 g of
ethanol per 1 g of glucose. In a recent study, bioethanol production of 82.1 g/L was
reported. Sulphite pre-treated momentary pine slurry (25%, w/w) was used as a substrate.
Pre-hydrolysis was performed at 50 ◦C for 24 h and 200 rpm, and this was then followed
by fermentation at 28◦C or 35 ◦C using 5 g/L dry inoculums of S. cerevisiae. It is also
reported the production of bioethanol was increased from lignocellulosic materials after
pre-treatment in feedstocks with 3.5% H2SO4 at 121 ◦C for 30 min, followed by enzymatic
hydrolysis [57].

Currently, wood chips and logging residues represent the largest share of biomass
fuels; depending on its composition (ash and moisture contents, and calorific value), its
energy content may vary considerably. In general, the moisture content of the wood
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chips varies from 35% to 45%, which has a calorific value of 18.4 to 19.6 MJ/kg and ash
content from 0.5% to 4.5% [58]. Lignocellulosic biomass (trash, bagasse and other agro-
residues) generally consists of the combination of lignin (26–31%), hemicellulose (25–32%)
and cellulose (41–46%). Methane, hydrogen, ethanol, butanol or other forms of fuels can
be generated from lignocellulosic biomass after going through intensive thermal and/or
chemical pre-treatments. A renewable supply of bioenergy can then be created by the
biological systems [59].

The authors of [60] designed and investigated a system for biomass-based hydrogen
production integrated with the organic Rankine cycle. The aim was to predict the perfor-
mance of the system, under various operating conditions, regarding hydrogen production
yield and electricity generation. Different types of biomass such as wood chips, manure and
sorghum were compared under the same operating condition. Wood chips demonstrated a
maximum hydrogen yield of 11.59 mol/kg. After optimising the system using a genetic
algorithm based on the response surface model, a hydrogen yield of 39.31 mol/kg was
shown to have achievable [60].

Biogas production in anaerobic digestion can be increased by carrying out the best
pre-treatment techniques, trace metal additive and control process conditions such as
temperature, pH, C/N and volatile solid percentage. It was reported that thermochemi-
cal pre-treatment of bagasse enhanced its anaerobic biodegradation. Moreover, the pre-
treatment of biomass with ultrasonic improved biogas production to 71%, the range used
was 31–93 W h/L. This has contributed to increasing the solubility of cellulose and hemi-
celluloses in the feedstock [61].

The recent reporting on pyrolysis yield and product distribution is presented in
Table 37. It can be seen that slow pyrolysis targets biochar, fast pyrolysis targets bio-oil,
while intermediate pyrolysis targets both [62].

Table 37. Different pyrolysis processes and products’ yield [62].

Property Slow Intermediate Fast Flash

Heating rate (◦C/s) 1.1–1 1–10 10–200 >1000
Feed size (mm) 5–50 1–5 <1 <0.5

Reaction temperature (◦C) 400–500 400–650 850–1250 >1000
Vapor residence time (s) 300–550 0.5–20 0.5–10 <1
Feed water content (%) Up to 40 Up to 40 <<10 <<10

Biooil yield (%) 20–50 35–50 60–75 60–75
Biochar yield (%) 25–35 25–40 10–25 10–25

Gas yield (%) 20–50 20–30 10–30 10–30

To develop a global-scale biofuel production from organic trash, a biomass trash
collection and effective regulatory strategies need to be established. A study in 2021 [59]
discussed the advances in the manufacturing of biofuels from agro-residues utilising the
novel technologies currently available. It is obvious that the efficiency and yield of biofuel
from sugarcane byproducts (or other agro-residues) have not progressed effectively in the
last few decades because it is limited by the chemical/biological reaction and the content
of the agricultural byproducts. The only progress is in the processes; nowadays, processes
to produce biofuel from biomass become more energy-efficient, have less labor required
and more efficient in utilising chemicals/enzymes.

Biofuel yield from biomass has limitations; a development of the current technologies
is required to ease the pre-treatment process to overcome the limitations and make the
concept of biorefinery commercially viable [63]. The transition to bioeconomy can be
pursued by either addressing fossil fuel dependence sustainably or showing a human-
activity impact on the environment [64].

The European Commission supports the conversion of renewable biomass into value-
added products and bioenergy. In October 2018, a new bioeconomy strategy aimed at
promoting a sustainable Europe was commenced. However, not much was conducted
to analyse the impacts of bioeconomy sectors development [65]. Subsidies bioenergy

174



Energies 2021, 14, 5483

(biomethane) for usage as vehicle fuel instead of natural gas for the potential reduction in
emissions is essential for the development of the bioenergy industry. The subsidies must be
accompanied by other development such as the construction and operation of new fueling
facilities and the increase in vehicles derived by biomethane [66].

In this study, the aim was to introduce the investors in this field, manufacture second-
generation biofuel from agricultural biomass/byproducts, to the limitation of the produc-
tion. Despite the advance in chemical, thermal and biological technology, these only will
contribute to producing the maximum amount of biofuel limited by the chemical/biological
reaction and the content of the raw materials. The yield for each of the biofuel discussed in
this article is based on the chemical formula of the raw materials.

The investor should account for the capital and operational cost, and carry out the
Net Present Value (NPV) calculation to justify any investment. Investing in this field is
volatile due to changes in regulation, price of the raw materials and final products.

7. Conclusions and Recommendations

Table A1 (Appendix A) and Figures 4–6 summarise the findings of this study by
comparing the potential energy produced from each byproduct. In many cases, the capital
and operating costs for the technology used in utilising the wastes were not included in the
estimates. The value of energy is based on the energy content and price of coal. Moreover,
the market prices of some of the products were not included. The sugarcane milling
industry produces one main product, sugar and four byproducts: molasses, bagasse, cane
trash and mill mud/ash mixture. Sugar is an edible product, and it is not recommended to
be used for any other purposes even though an extra one billion dollars can be made from
converting sugar to ethanol.

Molasses is a byproduct that can be used for human consumption and animal feeds
and to produce ethanol due to its high sugar content (around 50–70%). Based on the current
market value of molasses, it is recommended that molasses be converted to ethanol to
generate revenue of around AUD 165 million. The current practice of burning bagasse
in the milling boiler has the potential to generate about AUD 38 million when first dried,
around AUD 1.2 billion per year when converted to ethanol and AUD 1.35 billion when
converted to ethanol/biogas. It is worth mentioning that fermenting bagasse comes with
many technical challenges, such as the pre-treatment processes. Fermenting bagasse to
ABE is a good option compared to burning it; however, the revenue generated is much
lower than converting it to ethanol. When fermenting bagasse to furfural, acetic acid and
hydrogen are not feasible options because the revenues generated from these processes are
lower than burning bagasse. Pyrolysis, gasification and production of pulp are all feasible
options but still way below ethanol or ethanol/biogas production. The same also applies
to sugarcane trash.

As shown in Figure 5, the product that has the highest energy content is the dry bagasse
(drying energy is subtracted from the net energy) followed by wet bagasse, products from
pyrolysis and gasification. Figure 5 does not consider the leftover solid from these processes.
For example, if the energy from the leftover solid from the ethanol production process is
added to the energy content of the produced ethanol, the total energy will be approximately
80% of the energy content in the dry bagasse. However, if the energy consumed during
the production of ethanol from bagasse is considered, the net energy of this process will
significantly be lower than that of dry bagasse. It is obvious that the value of the final
product depends on the energy consumed during the processes of conversion. Despite the
fact that the amount of ethanol/biogas produced is less than the other products, as shown
in Figure 6, these two products have the potential to produce the highest revenue Figure 4.
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Figure 4. Potential revenue from different utilisation processes of bagasse, the leftover solid was not considered in the
calculation.

Figure 5. Energy content of the products from different utilisation processes of bagasse, the leftover solid was not considered
in the calculation.
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Figure 6. Amount of the products from different utilisation processes of bagasse, the leftover solid was not considered in
the calculation.
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Appendix A

Table A1. Value proposition for different scenarios of utilising the wastes from sugarcane milling industry.

Utilisation Method
Amount, kg/t

Material

Total
Amount,

t/Year

Energy
Content,

kJ/kg

Total Energy,
GJ

Value, AUD

Sugar and Molasses

Sugar (AUD 390/t) — 4,360,000 — — 1,700,400,000

Sugar to Ethanol (based on energy content) 484 2,110,240 29,677 62,625,592 246,118,576

Sugar to Ethanol (AUD 1/L) 484 2,110,240 — — 2,674,575,411

Molasses (AUD 100/t) — 1,000,000 — — 100,000,000

Molasses—Ethanol (based on energy
content) 209 209,766 29,677 6,225,226 24,465,137

Molasses—Ethanol (AUD 1/L) 209 209,766 — — 265,863,000

Bagasse

Burn Wet — 10,000,000 7588 75,880,000 298,208,400

Burn Dry (energy for drying included) 500 5,000,000 17,659 85,513,400 336,067,662
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Table A1. Cont.

Utilisation Method
Amount, kg/t

Material

Total
Amount,

t/Year

Energy
Content,

kJ/kg

Total Energy,
GJ

Value, AUD

Sell dry (AUD 40/t) 500 5,000,000 — — 200,000,000

Ethanol

Ethanol (Energy) 268.3 952,859 29,677 28,277,996 111,132,526

Ethanol (AUD 1/L) 268.3 952,859 — — 1,207,680,000

dry solid 226 2,260,000 17,659 39,909,340 156,843,706

ABE

ABE (energy) 45.3 435,000 31,377 13,648,995 53,640,550

ABE (AUD 1/L) 45.3 435,000 — — 559,259,259

dry solid 260 2,600,000 17,659 45,913,400 180,439,662

Furfural +
acetic acid

Furfural (AUD 1200/t) 13.7 136,896 — — 164,275,200

Acetic acid
(AUD 550/t) 6.3 62,496 — — 34,372,800

Dry solid 0.317 3,168,000 17,659 55,943,712 219,8587,88

Hydrogen,
Water

extraction

H2 (energy) 3.06 30,600 142,000 4,345,200 17,076,636

H2 (AUD 2.7/kg) 3.06 30,600 — — 82,620,000

Dry solid 260 2,600,000 17,659 45,913,400 180,439,662

Biogas +
Ethanol

Biogas (energy) 86.02 430,100 22,000 9,462,200 37,186,446

Biogas (Electricity) 86.02 430,100 — — 78,540,000

Ethanol (energy) 201.2 1,005,975 29,677 29,854,320 117,327,477

Ethanol (AUD 1/L) 201.2 1,005,975 — — 1,275,000,000

Pyrolysis at 900 ◦C for 1 h — 3,664,000 — 71,171,500 529,703,000

Gasification at 900 ◦C — 3,158,500 — 53,707,000 415,819,000

Pulp
Pulp (AUD 1132/t) 0.044 438,750 – – 496,665,000

Remain solid 0.94 9,405,250 7588 71,367,037 280,472,455

Total 777,137,455

Burn Wet
Tops — 4,748,800 4472 21,239,150 83,469,859

Leaves — 2,337,300 15,417 36,036,421 141,623,134

Burn Dry +
drying energy

included

Tops 0.38 1,804,544 17,659 30,226,492 118,790,113

Leaves 0.91 2,122,268 17,659 37,357,365 146,814,444

Ethanol
Tops

Ethanol (energy) 33.5 158,933 29,677 4,716,654 18,536,452

Ethanol (AUD 1/L) 33.5 158,933 — — 201,435,995

dry solid 131.5 624,859 17,659 11,034,385 43,365,133

Ethanol
Leaves

Ethanol (energy) 95.1 222,274 29,677 6,596,425 25,923,952

Ethanol (AUD 1/L) 95.1 222,274 — — 281,716,096

dry Solid 356 832,014 17,659 14,692,535 57,741,663

ABE tops

ABE (energy) 22.6 107,391 31,377 3,369,607 13,242,557

ABE (AUD 1/L) 22.9 107,391 — — 132,581,481

dry solid 94 470,000 17,659 8,299,730 32,617,938

ABE leaves

ABE (energy) 66.9 156,592 31,377 4,913,387 19,309,611

ABE (AUD 1/L) 66.9 156,592 — — 193,323,456

dry solid 240 1,200,000 17,659 21,190,800 83,279,844
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Table A1. Cont.

Utilisation Method
Amount, kg/t

Material

Total
Amount,

t/Year

Energy
Content,

kJ/kg

Total Energy,
GJ

Value, AUD

Furfural +
acetic acid

Tops

Furfural
(AUD 1200/t) 3.1 14,609 — — 17,530,800

Acetic acid (AUD 550/t) 1.4 6669 — — 3,667,950

Dry solid 0.163 774,149 17,659 13,670,697 53,725,839

Furfural +
acetic acid

Leaves

Furfural 6.4 15,034 — — 18,040,800

Acetic acid 2.9 6863 — — 3,774,650

Dry solid 0.472 1,103,579 17,659 19,388,779 76,197,903

Hydrogen,
Trash—Tops,

water extraction

H2(energy) 3.06 8440 142,000 1,198,480 4,710,026

H2 (AUD 2.7/kg) 3.06 8440 — — 22,788,000

Dry solid 260 969,040 17,659 17,112,277 67,251,250

Hydrogen,
Trash—Leaves,
water extraction

H2 (energy) 3.06 9920 142 1,408,640 5,535,955

H2 (AUD 2.7/kg) 3.06 9920 — — 26,784,000

Dry solid 260 1,090,845 17,659 19,263,231 75,704,501

Biogas +
Ethanol

(tops + leaves)

Biogas (energy) 86.02 337,784 22,000 7,431,248 29,204,804

Biogas (Electricity) 86.02 337,784 — — 61,682,362

Ethanol (energy) 201.2 790,054 29,677 23,446,432 92,144,479

Ethanol (AUD 1/L) 201.2 790,054 — — 1,001,337,060

Pyrolysis at
900 ◦C for 1 h

Tops — — — — 191,281,664

Leaves — — — — 149,777,152

Gasification at
900 ◦C

Tops — — — — 224,960,408

Leaves — — — — 176,148,244

Pulp
Tops

Pulp (AUD 1132/t) 0.088 158,799 — — 179,761,455

Remain dry solid 0.88 1,587,998 17,659 28,042,456 110,206,854

Total 289,968,309
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Abstract: Polyoxymethylene dimethyl ether (PODE) is a low-viscosity oxygenated fuel that can
improve the volatility of blended fuels. In this work, the macroscopic and microscopic spray
characteristics of diesel-PODE3-4 under different ambient temperatures and injection pressures (IP)
are studied. The studied blends consisted of pure diesel (P0), two diesel blend fuels of 20% (P20) and
50% (P50) by volume fraction of PODE3-4. The Mie scattering and Schlieren imaging techniques are
used in the experiment. The results show that with the increase in IP, the vapor phase penetration
distance and the average cone angle of the three fuels increased, and the Sauter mean diameter (SMD)
of the three fuels decreased. When the ambient temperature increased, the vapor phase projection
area and the average vapor phase cone angle of P20 and P50 increased, and the SMD decreased, but
the vapor phase projection area of pure diesel did not change significantly. The results indicate that
the blended fuel with PODE3-4 has better spray characteristics than P0 at low temperature, and the
SMD hierarchy between the three fuels is P0 > P20 > P50. Through the visualization experiment, it is
helpful to further understand the evaporation characteristics of different fuel properties and develop
appropriate alternative diesel fuel.

Keywords: macroscopic spray; microscopic spray; Mie scattering; schlieren images; PODE3-4

1. Introduction

Diesel engines are widely used in ships, generators and heavy trucks due to their
high power output and high thermal efficiency [1–3]. However, due to the related environ-
mental problems, the shortage of oil resources and the requirements of national laws and
regulations in recent years, the internal combustion engines, which depend on traditional
oil as the power source, have been severely challenged, and the quest to find a novel fuel
mixed with diesel fuel is seen as a solution to these problems [4,5]. At present, the most
common method is to add biomass oxygenated fuel to diesel to form a suitable blend.

Biodiesel, alcohols and ethers are the most suitable additives for compression ignition
internal combustion engines [6,7]. Many countries are committed to developing biofuels.
In Europe, bioeconomy has been well developed especially in Ireland, Denmark, Portugal
and Austria [8]. D’Adamo et al. [9] researched a circular economy model and found that
applying biomethane in the transport system of Rome leads to a reduction of emissions.
Compared with diesel, biodiesel is renewable, non-toxic and has higher hexadecane value.
Biodiesel contains no aromatic hydrocarbons, which is capable for reduction of unburned
hydrocarbons (HC), particulate matter (PM) and carbon monoxide (CO) emissions. Thus,
Colombia’s government has implemented laws about promoting biodiesel production
industry [10]. Hassaan et al. [11] also suggested that the Egyptian government should pay
more attention to the construction of biogas and biomethane production plants in the future.
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The high density and viscosity of biodiesel, which is not conducive to atomization, results
in engine combustion performance decline. Meanwhile, due to the high oxygen content
of biodiesel, it produces higher nitrogen oxide (NOx), especially since most engines are
turbocharged [12–14]. Alcoholic fuels have great advantages for combustion and resources,
but they have high latent heat of vaporization, low viscosity and low cetane number,
resulting in poor ignition and lubricity of alcohols. Although alcohol fuel and diesel oil
have good solubility, their stability is easily affected by moisture. If the engine is not
changed, alcoholic fuels are difficult to apply directly in diesel engines [15,16]. Due to this
reason, ether-based fuels are used more often in diesel engines. PODEn (polyoxymethylene
dimethyl ethers) has the structural formula of H3CO(CH2O)nCH3 (where ‘n’ represents
the degree of polymerization) and is regarded as the most promising alternative fuel
for developing diesel engine fuels due to its high cetane number, high oxygen content,
good solubility with diesel fuel and no need to modify the engine after blending with
diesel [17–19]. When n < 2, it is volatile, has a low boiling point and its safety for use in
transportation cannot be guaranteed. When n > 6, it is easy to precipitate after mixing with
diesel oil, and therefore, n is generally between 3 and 5. Burger et al. [20] used methanol and
trimeric formalin as reactants in a reacting furnace using distillation. They proposed a new
process for the preparation of PODEn and investigated the physical and chemical properties,
synthesis and purification of PODEn. The same authors reported that more than a million
tons of PODEn could be produced using their proposed process. They also observed that
PODEn has lower saturated vapor pressure, stable solubility when mixed with diesel oil and
can reduce the formation of soot after combustion. In addition, many experts and scholars
have studied the combustion performance and emission characteristics of diesel oil mixed
with a certain proportion of PODEn. Lumpp et al. [21] produced a PODEn-diesel blend with
20% PODEn through a transient and steady-state engine cycle and used it in a heavy-duty
diesel engine, which met Euro V emission standards and achieved simultaneous reduction
of PM and soot emissions. They also reported that the use of a diesel oil blend with 10%
PODEn in cylinder diesel engines reduces the PM emissions by 40% and has the potential
to reduce carbon dioxide emissions. Pellegrini et al. [22] investigated the diesel blended
PODE3-5 in single-cylinder and multi-cylinder diesel engines and found that the formation
of soot emissions can be significantly suppressed when the blend is used in single-cylinder
diesel engines, whereas the PM and NOx emissions can be synchronously reduced after
mixing the diesel with 50% PODE3-5 in multi-cylinder diesel engines. Furthermore, they
also reported that the noise of the multi-cylinder diesel engine was also optimized. Later,
Pellegrini et al. [23] studied the diesel blended PODE3-5 in a Euro II diesel engine, and
found that PM emissions were reduced by 18% when diesel was blended with 10% PODE3-5
and by 77% when pure PODE3-5 was burned, which are far lower than Euro IV emission
standards. However, it is worth noticing that the combustion of pure PODE3-4 leads to an
increase in NOx and CO emissions. Iannuzzi et al. [24] first tested the burning process of
diesel blended PODEn in a constant volume device and found that, with the increase in
the PODEn blending ratio, soot product was greatly reduced. When pure PODEn burnt,
the smoke was almost zero. Subsequently, Iannuzzi et al. [25] investigated the emission
and performance of different proportions of PODEn in diesel blends in a single-cylinder
heavy-duty diesel engine, and found that, compared to pure diesel, when the PODEn’s
blending ratio reached 10%, soot emissions were reduced by 34% and the thermal efficiency
was guaranteed, although NOx emissions did not change much. Similar conclusions have
been reported by Huang et al. [26] and Liu et al. [27]. Liu et al. [28] investigated the
combustion performance and emission characteristics of diesel blended PODEn on a four-
cylinder supercharged diesel engine and found that, with the increase in PODEn’s blending
ratio, the ignition delay was shortened. When the proportion of PODEn blended diesel
successively reached 10%, 20% and 30% at full load, compared with the pure diesel fuel,
the carbon smoke decreased by 27.6%, 41.5% and 47.6%, respectively, while the HC and CO
emissions decreased significantly, although the NOx emissions showed a slight increase.
Song et al. [18] compared the combustion characteristics of dual fuels and found that the
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PODEn/natural gas blend resulted in fewer hydrocarbon, CO and soot emissions compared
to the diesel/natural gas blend, and significantly improved the thermal efficiency.

These works have mainly focused on the in-cylinder combustion process of the en-
gine. In fact, the fuel injection, atomization and mixing with air are critical to the entire
combustion process, which is of great significance to energy saving and emissions reduc-
tion. Li et al. [29] researched the macroscopic and microscopic spray characteristics of
diesel/PODE blended fuels and found that, with the increase in the proportion of PODE in
diesel-PODE blend, the spray penetration distance decreased, though the average spray
cone angle increased. In addition, both the characteristic diameters and the Sauter mean
diameter decreased with the increase in the proportion of PODE in the diesel/PODE
blend, though the range of relative size of droplets showed little change. However, Li et al.
did not study the evaporation characteristics of PODE, whereas the test temperature
was only the room temperature. Currently, the techniques of Mie scattering and diffuse
back-illumination (DBI) images are widely used methods for measuring liquid spray char-
acteristics, while schlieren image technology is suitable for studying spray evaporation
characteristics [30–32]. Huang et al. [33] researched the spray, evaporation and combustion
characteristics of ethanol/diesel blends under low temperature combustion (LTC) using
DBI and schlieren image techniques. The results showed that the evaporation character-
istics of the fuel blend increased the spray spreading angle and projected area, though
they had little influence on the spray penetration distance, whereas the combustion phe-
nomenon spread from the periphery behind the spray tip to the forward of the spray and
then to the nozzle. Ma et al. [34] investigated the evaporation and spray characteristics
of n-pentanol/diesel blends using DBI and schlieren image techniques, and found that
pure diesel has a longer spray penetration distance and a smaller spray cone angle than
n-pentanol in the absence of evaporation. When the ambient temperature exceeds 800 K
under evaporation conditions, the spray penetration distance of pure diesel is reduced,
although the spray penetration distance of n-pentanol increases and this trend is particu-
larly remarkable for higher proportions of n-pentanol in diesel. Payri et al. [35] used Mie
scattering and schlieren images techniques to study the effects of cylindrical and conical
nozzles on the liquid and vapor phase spray characteristics of n-heptane, n-hexane and
diesel alternative fuels (composed of n-tetradecane, n-decane and methylnaphthalene), and
found that, for the same fuel under the same working conditions, the cylindrical nozzle
has a smaller vapor phase penetration distance and liquid phase length than the conical
nozzle. However, the spray spreading angle shows the opposite trend. Subsequently,
Payri et al. [32] compared the experimental and calculated values of the vapor and liquid
phase spray penetration distances of pure diesel oil at different IPs, ambient density and
ambient temperature, and found that the experimental and calculated values can be in
good agreement. Therefore, it is concluded that the IP affects the vapor phase length and
the ambient temperature affects the liquid phase length.

However, the research on the spray (liquid penetration distance, liquid phase cone an-
gle and liquid phase projection area) and evaporation characteristics (vapor phase cone an-
gle, vapor phase penetration distance and vapor phase projection area) of a diesel/PODEn
blend (chain length of PODEn is: n = 3–4) is still lacking, especially regarding the droplet
size distribution characteristics of blended fuel. Many studies [20,36] have shown that
the mixing of diesel and PODE3-4 is the most suitable for application in diesel engines.
Therefore, in this work, the effect of different ambient temperatures and IPs on the macro-
scopic and microscopic spray characteristics of diesel/PODE3-4 blend is analyzed. From
the results, the evaporation characteristics of different fuel properties and appropriate
alternative diesel fuels can be further understood.
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2. Experimental

2.1. Experimental Setup

Figure 1 shows the schematic of the experimental setup, which mainly consists of a
constant volume combustion bomb (CVCB), fuel supply system and image acquisition
system. The specific parameters of CVCB are described in detail in a previous work [37].
In order to ensure the optical path and camera shooting, three quartz windows with the
diameter of 110 mm were located on the side of the CVCB. A single hole electromagnetic
valve injector was used for the experiments, and the fuel supply system was procured from
Bosch’s third-generation high-pressure common rail test rig. Each set of experiments was
repeated three times and the average of the three test data was taken. The uncertainties of
the apparatus are shown in Table 1.

Figure 1. Schematic of the constant volume combustion chamber system.

Table 1. Uncertainties and experimental measurement techniques/instruments.

Measurement % Uncertainty Measurement Technique

Pressure pickup ±0.1 Magnetic pickup principle
Temperature ±0.15 Thermocouple

Diesel fuel measurement ±1 Volumetric measurement
PODE3-4 fuel measurement ±1 Volumetric measurement

The images were taken using a FASTCAM-SA7 high-speed camera, which was manu-
factured by PhotronCorp, Tokyo, Japan. During the experiments, the external computer
issued an injection command, and then the electronic control unit (ECU) in a high-pressure
common rail system drove the injector and high-speed camera to work synchronously
according to the detected fuel injection signal. The schlieren device adopted a Z-shaped
arrangement, which is mainly composed of a light source slit system and a knife-edge
camera system.
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Figure 2 shows the schematic of the Mie scattering device, which is mainly used to
measure the liquid spray characteristics. During the experiments, two tungsten halogen
lamps were placed in each of the two quartz windows. During operation, the tungsten
halogen lamp emitted a light to illuminate the spray. Then, the scattered light, reflected
by the spray, was received by the high-speed camera. Finally, the liquid phase spray
boundary image was displayed on the computer screen. A micro-nano particle size analyzer
(Winner 318A) was used to measure the microscopic characteristics of the spray and the
micro experimental test structure diagram as shown in Figure 3a. The working principle of
Winner 318A is shown in Figure 3b, which obtains particles’ size by using a laser beam to
test the intensity of scattering spectrum of particles.

Figure 2. Optical setup for Mie scattering.
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(a) 

 
(b) 

Figure 3. (a) Micro experimental test structure diagram. (b) Working principle of Winner 318A.

2.2. Image Processing

The Mie scattering method can capture the liquid phase spray boundary image, while
the schlieren method can capture the spray boundary image of the vapor phase. Both
the methods use MATLAB’s self-programming process for image processing. The steps
of processing the image are similar for both methods. Firstly, the background image and
the spray image are subtracted by using the MATLAB program to achieve the removal of
background. Then, the edge pixels of the spray are detected using two thresholds of the
Sobel and the cany operator, and the boundary curve of the spray is determined to obtain
the liquid phase spray characteristic parameters. The Sobel operator and cany operator are
used to edge the spray image detection, obtaining the coordinate values for the edge point
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of the image. Finally, the spray characteristic parameters of the liquid or vapor phase are
obtained. Figure 4 shows the processed images from Mie scattering and schlieren methods.

(a) Mie scattering method original image.
 

(b) Mie scattering method processed image. 

(c) Schlieren method original image. (d) Schlieren method processed image.

Figure 4. Comparison of processed and raw images using Mie scattering and schlieren methods.

2.3. Experimental Procedure

The experimental conditions are presented in Table 2. The fuel sample is based on
No. 0 diesel fuel sold in China’s petroleum market. The blended PODEn is obtained from
Qingdao Tong Chuan Petrochemical Engineering Company, Qingdao, China, and is mainly
composed of PODE2, PODE3 and PODE4 with the mass fractions of 2.6%, 88.9% and 8.5%,
respectively. Since the main components are PODE3 and PODE4, this article uses PODE3-4
to represent PODEn. There were three different volume ratios of diesel/PODE3-4 blends
used in the experiments, 0%, 20% and 50% with respect to PODE3-4, and were abbreviated
as P0, P20 and P50, respectively. The relevant physical and chemical properties of the
blends are presented in Tables 3 and 4.

Table 2. Experimental parameters used in the current work.

Parameter Numerical Value

Fuels P0, P20, P50
Injection pressure/MPa 80, 120, 160

Ambient temperature/K 573,623,673 (macroscopic)
303 363 (microscopic)

Ambient Pressure/MPa 5 (macroscopic)
0.1 (microscopic)

Filming speed/fps 20,000
Injection pulse width/ms 1.0
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Table 3. Physical and chemical parameters of PODEn (n = 2–4) [29,38–41].

Parameter PODE2 PODE3 PODE4

Density (298 K)/g·cm−3 0.96 1.02 1.06
Viscosity (298 K)/(mm2·s−1) 0.64 1.05 1.75

Oxygen content/(%) 45.3 47.1 48.2
Cetane value 63 70 90

Flash point/(T·K−1) 289.1 293.1 350.1
Low calorific value/(MJ·kg−1) 22.44 19.14 18.39

Sulfur content/(%) 0 0 0

Table 4. Physical and chemical parameters of various fuel blends used in the experiments.

Parameter PODE3-4 P0

Density (298 K)/g·cm−3 1.02 * 0.86
Viscosity (298 K)/(mm2·s−1) 1.05 ** 3.44

Surface tension/(10−3N·m−1) 35.67 * 27.74
Oxygen content/(%) 46.98 * 0

Cetane value 78.6 * 56.5
Flash point/(T·K−1) 297.64 * >328.1

Low calorific value/(MJ·kg−1) 19.2 * 42.80
Sulfur content/(%) 0 0

* Calculated from Ref. [41]. ** Calculated from Ref. [42].

3. Results and Analysis

3.1. Definition of Spray Parameters

The evaporation characteristics of the spray influence the droplet size, whereas the
size of the vapor penetration distance determines the rate of fuel impingement on the
combustion chamber. The definition of the projected area is the calculated area inside
the spray boundary. The projected area of vapor and liquid phase reflects the range of
fuel spray diffusion, which is the combined effect of cone angle and penetration distance,
while its size can reflect the quality of mixing of fuel and the surrounding environment
gas [43]. The Mie scattering method is used to obtain the liquid phase spray boundary
image, while the schlieren method is used to obtain the spray boundary image of the vapor
phase. Therefore, it is necessary to define and distinguish the spray image parameters
obtained by the two shooting methods. Figure 5 illustrates the way the spray characteristic
parameters are defined in this work. The subscripts L and V represent the liquid phase
and vapor phase spray characteristic parameters, respectively. The penetration distance for
each phase is defined as the axial distance, which the fuel can reach farthest from the nozzle
to the spray front, and is denoted by SV and SL for vapor and liquid phase, respectively.
The spray cone angle for each phase is defined based on the method of Naber et al. [44],
and is defined as the angle between the line from fuel injection from the nozzle to the half
of the spray penetration distance and the tangent line along the spray contour. In Figure 5,
the spray cone angle is represented by θV and θL for vapor and liquid phase, respectively.
The sum of the values of the pixel area included in the entire spray image is the spray
projection area, whereas the vapor and liquid phase projected areas are represented by AV
and AL, respectively.
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(a) Vapor phase spray image. (b) Liquid phase spray image. 

Figure 5. Definition of various spray parameters.

3.2. Effect of Ambient Temperature on Fuel Spray Characteristics

Figure 6 shows the evolution of vapor and liquid spray patterns for different fuel
blends over time at different ambient temperatures (573 K, 623 K and 673 K) and the IP of
160 MPa. It can be known from Figure 6a,c,e that the vapor phase spray for each fuel blend
at different ambient temperatures gradually increases with time. Meanwhile, the spray
gradually changes from “dark black” (liquid phase) to “transparent color” (vapor phase)
with the increase in temperature. This trend is particularly pronounced as the proportion
of PODE3-4 in the blend increases. It can be seen from Figure 6b,d,f that the liquid phase
spray of the three fuels gradually increases with time at 573 K. However, when the ambient
temperature is 623 K, and both the P0 and P20 are in the middle and late spray (after 0.7 ms),
the front end of the liquid phase spray gradually becomes blurred, producing a “mist”,
which is composed of a lot of small droplets. On the other hand, the sample P50 shows
a rapid reduction of spray at the same temperature (623 K). As the ambient temperature
increases to 673 K, the mist area of the three blends decreases. This is because the rate
of evaporation of droplets becomes faster due to an increase in the ambient temperature,
which results in rapid evaporation of small droplets formed at the edge of the liquid core
and the front end of spray during the spraying process.

  
(a) Vapor phase spray image for P0. (b) Liquid phase oil beam image for P0. 

Figure 6. Conts.
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(c) Vapor phase spray image for P20. (d) Liquid phase spray image for P20. 

  
(e)Vapor phase spray image for P50. (f) Liquid phase spray image for P50. 

Figure 6. Spray development for different blends at different ambient temperatures.

Figure 7 shows the vapor and liquid phase penetration distances for the three blends at
different ambient temperatures. It can be clearly seen from the picture that the vapor phase
penetration distances of P0, P20 and P50 increase with time. However, when the ambient
temperature is 673 K, the vapor phase penetration distance of the three fuels is significantly
lower than those for 573 K and 623 K. The reason is that, at lower temperatures, the spray
mainly develops in liquid form, while at a high temperature, the fuel evaporates in a large
amount, causing the spray mainly to develop in vapor form. Furthermore, the vapor spray
develops at a lower rate than that in liquid phase. Therefore, when the ambient temperature
is 673 K, the vapor phase penetration distances of the three blends are smaller than the vapor
phase penetration distances at low temperatures. For the liquid phase penetration distance,
the fuel did not undergo significant evaporation at the temperatures of 573 K and 623 K.
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When the temperature was increased to 673 K, the liquid phase penetration distance for P0
was substantially similar to the vapor phase penetration distance during the initial stage of
the spray. However, the passage of time gradually separated both the values. The liquid
penetration distance for each of P20 and P50 is expressed as the situation, in which the initial
value of the spray quickly reaches a certain value and keeps fluctuating around this value.
Therefore, it is indicated that diesel will slowly evaporate after the background temperature
reaches a certain value until a certain period of time. However, when the diesel blend contains
a large proportion of PODE3-4, the liquid phase and vapor phase spray are separated at the
initial moment of the spray. The liquid phase penetration distance reaches the maximum
value and becomes stable. Meanwhile, the amount of evaporation and the amount of fuel
injection achieve certain equilibrium. In addition, compared with the ambient temperature
of 573 K and 623 K, when the ambient temperature is 673 K, the vapor and liquid phase
penetration distances of the three fuels are all lower. This is consistent with the results reported
by Gimeno et al. [30], who stated that “the ambient temperature rises, and the fuel vapor and
liquid phase penetration distances decrease”.

Figure 7. Penetration distances of blends at different temperatures: (a) P0, (b) P20, (c) P50.

Figure 8 shows the vapor and liquid cone angles of the three fuels at different ambient
temperatures. It can be known that the vapor phase cone angles of P0, P20 and P50 increase
with the increase in ambient temperature. However, the change in vapor phase cone
angle does not agree with the increase in vapor phase conge angle of P0 before 0.6 ms,
whereas the temperature increases gradually after 0.6 ms. The reason is that the viscosity
of the diesel oil is high, which initially causes the droplets to stick together after the fuel
is sprayed from the nozzle. Due to this, it is not easy for the droplets to diffuse in the
radial direction. As time and temperature increase, the spray sharply evaporates, and the
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situation improves. In addition, when the temperature is 673 K, compared with the pure
diesel, the average vapor cone angles of P20 and P50 increased by 1.9◦and 3.3◦, respectively,
and the average liquid cone angle reduced by 1◦ and 2.2◦, respectively, indicating that
the addition of PODE3-4 to diesel in a certain proportion can improve the evaporation
and diffusion of the spray. It can also be seen that the liquid phase cone angles of P0, P20
and P50 decrease with the ambient temperature increase. The reason is that the ambient
temperature increases, causing the heat exchange between the liquid phase fuel in the spray
front and the edge region and the high-temperature ambient gas to increase. Therefore, the
rate of evaporation of liquid fuel greatly increases, resulting in the decrease in liquid phase
spray cone angle.

 

Figure 8. Cone angle of the three blends at different temperatures: (a) P0, (b) P20, (c) P50.

Figure 9 shows the vapor and liquid phase projected areas of the three tested fuels at
different ambient temperatures. It can be seen that the vapor and liquid phase projection
areas of P0 are not much different for the ambient temperatures of 573 K and 623 K and
before 0.9 ms. However, the vapor phase projection area of P0 after 0.5 ms at ambient
temperature of 673 K is larger than the other two temperatures. The results for P20 and
P50 show that the higher the temperature, the larger the vapor phase projection area and
smaller the liquid phase projection area. It shows that the increase in pure diesel in the low
temperature range (within 623 K) has little influence on the evaporation characteristics and
spray diffusion, while the fuel blend with PODE3-4 still has good diffusion capability and
evaporability at low temperatures. For the liquid fuel projected area of the mixed fuel, with
the ambient temperature, the projected area decreases. When the temperature is 673 K,
the liquid projection area of the three blends tends to flatten with time. The reason is that
the higher the ambient temperature, the more evaporation on both sides of the liquid fuel
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spray and the faster the evaporation rate, which results in a smaller projected area. When
the evaporation speed of the droplets is equal to the diffusion speed, the liquid projected
area reaches a stable state.

 

Figure 9. Projection areas of the three fuels at different ambient temperatures: (a) P0, (b) P20, (c) P50.

3.3. Effect of Injection Pressure on Spray Characteristics

Figure 10 shows the development of vapor and liquid spray patterns at different
temperatures for different IPs (80, 120 and 160 MPa) at the ambient temperature of 673 K.
It can be seen that the vapor phase and the liquid phase spray lengths for P0, P20 and
P50 increase with the IP increase. For the vapor phase oil bundle, the vapor phase spray
profile grows evenly larger under high IPs. Before 0.3 ms, the vapor phase fuel spray
regions of the three fuels are dark black, whereas the vapor phase and liquid phase spray
regions substantially coincide. However, the liquid phase of the fuel is relatively large.
After 0.3 ms, the vapor phase oil jets of the three blends showed obvious vapor and liquid
phase separation with time. This situation is particularly remarkable under the condition
of high IP and high mixing ratio of PODE3-4. For liquid phase spray, the liquid phase spray
length of pure diesel oil under the same IP is significantly larger than the liquid phase
spray lengths of P20 and P50. In addition, at a higher IP, the front end of the liquid fuel
spray of the three fuels produces a “mist”, which is composed of broken atomized droplets,
indicating that increasing the IP promotes the atomization of the fuel.
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(a) Vapor phase spray image of P0. (b) Liquid phase spray image of P0.

(c) Vapor phase spray image of P20. (d) Liquid phase spray image of P20.

(e) Vapor phase spray image of P50.
(f) Liquid phase spray image of P50.

Figure 10. Spray image of three fuels under different IPs.
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Figure 11 shows the penetration distance for P0, P20 and P50 over time for different
IPs. It can be seen that the vapor and liquid phase penetration distances of the three fuels
increase with the increase in IP. This is because when the IP increases, the pressure difference
between the inside and outside of the nozzle increases, and the initial kinetic energy of the
oil droplets becomes higher [45]. This increased kinetic energy makes the spray penetrate to
a longer distance. In addition, the liquid phase penetration distances of P0 and P20 change
significantly with the increase in IP. However, the liquid phase penetration distance of P50
does not show much change with the increase in injection pressure. This is because the P50
blend has a lower viscosity relative to P0 and P20, and the lower viscosity will make the fuel
break into small droplets more easily after being sprayed from the nozzle [46]. Additionally,
at high temperatures, small droplets at the liquid spray front are rapidly evaporated, which
cause the liquid penetration distance of P50 to change little with the increase in IP. This process
is beneficial to reduce the proportion of liquid phase fuel in the flame region after ignition
and improve the combustion efficiency in the cylinder.

 

Figure 11. Penetration distances of the three fuels under different IPs: (a) P0, (b) P20, (c) P50.

Figure 12 shows the vapor and liquid cone angles for P0, P20 and P50 under different
IPs. The results show that it is not intuitive to see the regularity of the vapor and liquid
phase cone angles of the three fuels as a function of IP. Therefore, the average values of the
vapor and liquid phase cone angles are shown in Figure 13. It can be seen that the average
vapor phase cone angles of the three fuels increase with the increase in IP. When the IP is
increased from 80 MPa to 160 MPa, the average vapor phase cone angles for P0, P20 and
P50 increase by 1.7◦, 1.8◦ and 2.5◦, respectively. This is because when the IP is increased, the
kinetic energy of the fuel from the nozzle outlet increases, which in turn leads to enhanced
mixing of the spray with the surrounding gas [47], thus resulting in an increase in the
vapor cone angle. In addition, regardless of the IP, the average vapor phase cone angles
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for the three samples are found in the following ascending order: P0 < P20 < P50. This is
because as the proportion of PODE3-4 in the blend increases, the viscosity of the mixed
fuel decreases compared to pure diesel. This leads to an increase in the resistance of spray
to ambient gas [30], causing the average vapor cone angle to increase. These results are
consistent with those reported by Valentino et al. [48], who concluded that “reducing the
viscosity of the fuel will increase the spray cone angle”. Interestingly, the average liquid
phase cone angle decreases as the proportion of PODE3-4 in the blend increases. This is
because the viscosity of the mixed fuel is lowered, which causes the fuel to break more
easily and hence, atomize after being ejected from the nozzle. Therefore, it becomes easier
to evaporate under high temperature conditions, and results in a decrease in average liquid
phase cone angle. It can also be seen from Figure 13b that the average liquid phase cone
angle of the three fuels does not differ much under different IPs. This because although
increasing the IP will cause the spray to spread to both sides, at the same time, the higher IP
will cause the fuel to break more severely. Due to this reason, the spray evaporation speed
will increase, and therefore, the change in average liquid cone angle will not be obvious.

Figure 12. Cone angle of three fuels under different IPs: (a) P0, (b) P20, (c) P50.

Figure 14 shows the vapor and liquid phase projection areas of P0, P20 and P50 under
different IPs. It can be seen that the vapor phase projected areas of P0, P20 and P50 increase
with the IP increase, indicating that increasing the IP will increase the propagation speed
of the spray. This will also improve the spread of spray to surrounding [49], thereby
improving the utilization of air in the cylinder. It can be seen from the liquid projection
area that the liquid projection area increases slightly with the increase in injection pressure.
This is because with higher injection pressure, the axial velocity and radial momentum of
the fuel are greater after it is ejected from the nozzle. Due to this, the range of oil beam
space diffusion becomes wider. However, higher IP will aggravate the degree of breakage
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of droplets, which leads to the speed of partial evaporation of oil beam outline, due to
which the overall liquid projection area does not increase much. In addition, it can be seen
that the liquid phase projected area curve of P0 is substantially coincidental with the vapor
phase projected area before 0.5 ms and for the IPs of 80 MPa and 120 MPa. However, for
P20 and P50, these timings are 0.3 ms and before 0.2 ms, respectively, and after these time
intervals, curves for both the samples gradually start to separate from each other. It shows
that, compared with the pure diesel, the mixed fuel can produce diffusion and evaporation
earlier, which is very important for the fuel and gas mixing in the cylinder when the engine
is actually working.

Figure 13. Average cone angles of the three fuels under different fuel Ips: (a) average vapor phase cone angle, (b) average
liquid phase cone angle.

Figure 14. Projection area of the three fuels under different fuel IPs: (a) P0, (b) P20, (c) P50.
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3.4. Microscopic Spray Characteristics

To further understand the atomization characteristics of blended fuel, in this section,
the microscopic spray characteristics of blended fuels at different temperatures (303 K,
363 K) and injection pressures are studied.

Figure 15 shows the influence of different temperature and IPs on the SMD of test
fuels’ droplets. As can been seen from the figure, with the IP and temperature increases,
the SMD of the test fuels’ droplets are reduced. This is due to the increase in IP, which
increases the degree of oil bundle breakage and tends to produce more small droplets; the
higher of temperature, the more volatile the fuel is, and more tiny droplets can be added, so
the SMD of the test fuel is reduced. It can also be seen from the figure that as the proportion
of PODE3-4 added increases, the fuel’s SMD decreases. This is because of the low viscosity
of PODE3-4 (see Table 4), as the proportion of PODE3-4 increases, the viscosity of blended
fuel decreases, which is conducive to the improvement of volatility and the SMD reduced.

(a) 303 K

(b) 363 K
Figure 15. The influence of different temperature and IPs on the SMD of test fuels’ droplets.
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Figure 16 shows the effects of different temperature and IPs on the droplet size
distribution. It can be seen from the figure, when the IP is 80 MPa, the P20 and P50 particle
size curves shift to the left with the temperature rises, while P0 shifts to the right. This is
because as the temperature rises, the volatility of the blended fuel increases, and a large
number of small diameter droplets are generated. As the viscosity of P0 is relatively high,
the oil bundle is easy to be broken and form large diameter droplets, while the kinetic
energy of the larger droplets is relatively small and easy to be absorbed and merged into
larger droplets, so more large diameter droplets are generated. With the IP increases, the
droplets’ size distribution curve of the fuel shifts to the left at 303 K. This is due to the higher
IP, which improves the atomization and generates more small droplets, especially P20 and
P50, which are highly volatile, generating more droplets of small size than P0. When the IPs
is 160 MPa, with the temperature rises and the P0 curve shifts to the left, while the P20 and
P50 curves shift to the right and with a bimodal distribution. This is because under high
temperature and high IP, P0 can have a higher degree of atomization and smaller droplet
size, but for P20 and P50, under high IP, it is easier to generate more smaller droplets (as
shown in Figure 16d). However, as the temperature rises, the movement speed of the
droplets increases and the probability of mutual adsorption between droplets increases, so
the probability of large-size droplets appearing increases.

(a) 303 K (b) 363 K

(c) 303 K (d) 363 K

Figure 16. The effects of different temperature and IPs on the droplet size distribution.
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4. Conclusions

In the CVCB premixed combustion device, the macroscopic and microscopic spray char-
acteristics of the three different diesel and PODE blends (P0, P20 and P50) were studied under
different temperatures and IPs. Based on the results, the following conclusions are drawn.

1. When the ambient temperature increases, the liquid cone angles decrease and the
vapor cone angles increase for test fuels. When the ambient temperature is 673 K, P0
has the smallest average vapor phase cone angles, but the average liquid cone angle
is largest.

2. For the ambient temperatures of 573 K and 623 K, the P0, P20 and P50 vapor and
liquid phase penetrations do not change much. When the temperature increases to
673 K, the vapor and liquid phase penetration distances of the three fuels decrease,
while the liquid phase penetration distance decreases the most.

3. The vapor phase projection areas of P20 and P50 show that the higher the ambient
temperature, the larger the projected area, whereas the liquid phase projected area
shows the opposite trend. The vapor and liquid phase projections of P0 at ambient
temperatures of 573 K and 623 K do not change much, and the situation improved
when the temperature increased to 673 K.

4. With the IP increase, the vapor phase penetration distance and the vapor phase cone
angles of P0, P20 and P50 increase. Meanwhile, the average liquid phase cone angles
of the three fuels will decrease. The liquid phase penetration distances increase in
P0 and P20 with the IP increase, although the change in the liquid phase penetration
distance of P50 is not obvious.

5. As the IP increases, the vapor and liquid phase projection areas of the test fuels
increase. Compared with the P0, the vapor and liquid phase projection area curves of
the blends can be distinguished at an early stage, indicating that the blended fuel can
undergo earlier diffusion and evaporation, which are critical to the mixing of oil and
gas in the cylinder during actual engine operation.

6. For the vapor phase, both the smallest cone angle and penetration distance is at 673 K
and 80 MPa, while the largest projected area is at 673 K and 160 MPa of P50. For
the liquid phase, it has the largest cone angle at 673 K and 160 MPa, and smallest
penetration at 673 K and 80 MPa. At 573 K, 160 MPa, the liquid phase projected area
of P0 is the largest of all tested points.

7. When the temperature and IPs increase, the SMD of the three fuels decrease, and the
SMD hierarchy between the three fuels is P0 > P20 > P50. As the IPs and tempera-
ture increase, the droplet size decreases, especially when the IP is 160 MPa and the
temperature is 363 K, the droplet size distribution of P50 and P20 is bimodal, and the
droplet size is smaller.

This article accomplished research on the characteristics of the three different diesel
and PODE blends, but more situations should be considered in the next experiments. In
the future, the microscopic spray characteristics in high ambient temperature or ambient
pressure should become the key point of discussion.
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Nomenclature

V the vapor phase ECU electronic control unit
L the liquid phase HC unburned hydrocarbon
SV the vapor phase spray tip penetration IP injection pressure
SL the liquid phase spray tip penetration LTC low temperature combustion
θV the vapor phase spray cone angle NOX nitrogen oxide
θL the liquid phase spray cone angle P0 pure diesel
AV the vapor phase projected areas PODE polyoxymethylene dimethyl ether
AL the liquid phase projected areas PM particulate matter
CVCB constant volume combustion bomb P20 80% diesel + 20% PODE3-4
CO carbon monoxide P50 50% diesel + 50% PODE3-4
DBI diffuse back-illumination SMD Sauter mean diameter
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Abstract: The valorization study of the largely available corn stover waste biomass after pretreatment
with deep eutectic solvent (DES) for biomethane production in one-liter glass bioreactors by anaerobic
digestion for 21 days was presented. Ammonium thiocyanate and urea deep eutectic solvent
pretreatments under different conditions in terms of the components ratio and temperature were
examined on corn stover waste biomass. The lignocellulose biomass was characterized in detail for
its chemistry and morphology to determine the effect of the pretreatment on the natural biocomposite.
Furthermore, the implications on biomethane production through anaerobic digestion with different
loadings of corn stover biomass at 35 g/L and 50 g/L were tested. The results showed an increase of
48% for a cumulative biomethane production for a DES-pretreated biomass, using a solid-to-liquid
ratio of 1:2 at 100 ◦C for 60 min, which is a strong indication that DES-pretreatment significantly
enhanced biomethane production.

Keywords: deep eutectic solvents; lignocellulose biomass pretreatment; biomethane production;
anaerobic digestion; corn stover waste valorization

1. Introduction

The bio-based economy, an emerging concept that advances new uses of bioresources,
is one of the main future drivers of sustainable economic growth, a big contributor to
the 2030 UN Sustainable development goals agenda, and the focus in the transition to
a fossil-free society [1]. In December 2018, a new renewable energy (RE) directive (Di-
rective, 2018/2001/EU) entered into force, setting a target minimum 32% share of RE
by 2030 [2]. Agricultural waste and forest residues, as well as municipal waste, are the
drivers of biorefinery technology due to their wide availability and accessibility. Still,
only in Europe, 60 million tons of organic solid waste is mismanaged and displaced in
landfills, which presents a loss in potential energy [3,4]. Anaerobic digestion (AD) is
highly preferred for energy generation and waste disposal because of its adaptability and
sustainability [5]. After AD of the biomass, two major products are obtained: biogas,
consisting mainly of CH4 and CO2 (60–40%), and digestates. In order to obtain biomethane,
biogas upgrading—a process of removing CO2—is required. Currently, six main upgrading
techniques are used: water scrubbing, physical scrubbing, chemical scrubbing, pressure
swing adsorption, membrane technology, and cryogenic separation, all well-analyzed
by Carranza-Abid et al. [6]. Further, when CO2 is separated from biomethane, various
carbon capture and storage techniques and more sustainable carbon capture and utilization
techniques have been proposed. Recently, Baena-Moreno et al. searched for an added-value
product from CO2 and obtained CaCO3 through the precipitation of FGD gypsum from
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a power station [7]. The second product of AD is also known to be good fertilizers for
agriculture or horticulture [8]. Rezaee et al. 2020 suggested that these two products would
play some significant roles in shaping the future of the circular economy/bioeconomy
through resource recovery enhancement and nutrient recycling [9]. The circular economy,
which at present is in its infancy, is confronted with some challenges in reaching its full
potentials. AD could be a veritable tool in actualizing this goal and could serve as an
alternative to the linear or take-make-waste economy approach, which is both exploitative
and environmentally unfriendly [10]. Biomethane production via AD has the capability
of reducing greenhouse emissions through the utilization of wastes that would otherwise
have ended up in the landfill or be burned, which, under uncontrolled natural anaerobic
fermentation, could have led to the generation of methane and CO2 (nearly 150 million
tons in India) that would be released directly into the atmosphere [11,12]. Furthermore,
the use of biofertilizers from the AD process can help in mitigating the adverse effects of
the mineral fertilizers on the environment, which includes contamination of groundwater,
surface water, and the atmosphere [13].

Various analyses on the economical feasibility of biomethane production, taking into
account marketing biogas, as well as digestates, showed that currently, governmental
incentives and subsidies play key roles in expanding to the wider market and paving the
way to a fossil-free society [2,8,14].

Lignocellulosic materials are recalcitrant, and a barrier to their optimization for bio-
based solutions is in the material preparation. Pretreatment is therefore imperative to
improve biodegradability, thus making the lignocellulosic materials more amenable for mi-
crobial digestion [15]. Many pretreatment methods on raw biomass have been researched,
employing mechanical pretreatment, physico-chemical pretreatment, biological pretreat-
ment, chemical pretreatment, and a combination of these methods [16–18]. The chemical
pretreatment method, in comparison to other methods, has the advantage of easiness,
fastness, and efficiency [19]. The physical structures and chemical compositions of ligno-
cellulosic materials could be altered or modified through various chemical pretreatments,
making the compositions in lignocellulosic materials more accessible and more readily
biodegradable to anaerobic microorganisms, thus increasing digestion efficiency and biogas
production [20]. The chemical pretreatment of biomass, recently reported also together with
sonification, has been reported to have a positive significant effect on the native structure
of lignocellulosic biomass and, thus, their influence on biogas production [17,21]. However,
some of these commonly used chemicals, such as acids, alkalis, and organic solvents, have
their drawbacks such as the formation of inhibitors, high pretreatment severity, safety
concerns, and high energy requirements. The need to mitigate these knotty issues has
encouraged research endeavors to develop or produce solvents that would be more envi-
ronmentally friendly, less toxic or nontoxic, and significantly improve the biomass structure
for downstream processes [22]. Ionic liquids (ILs) were preferred to the conventional sol-
vents because of their low melting point, high thermal stability, high reaction rates, and
low volatility. The use of ionic liquids for the pretreatment of biomass prior to anaerobic
digestion (AD) has been reported to notably increase the production of biogas [23,24]. Some
of the commonly used ionic liquids are N-methylmorphine-N-oxide (NMMO), 1-ethyl-
3-methylimidazolium acetate [EMIM]-[OAc], and 1-butyl-3-methylimidazolium acetate
[BMIM]-[OAc]. Karp et al. [25] noted that the ability of ILs to solubilize polysaccharides
in biomass has given them a prominent place among researchers. Padrino et al. [26] re-
ported 28% and 80% increases in methane yield when [BMIM]-[OAc]-pretreated barley
was anaerobically digested at mesophilic and thermophilic temperatures, respectively, for
35 days. However, toxicity and high prices have been identified as some of the drawbacks
in using ILs for biomass pretreatment [27,28]. As a new class of ILs, deep eutectic solvents
(DES) are the preferred alternative for the pretreatment of lignocellulosic biomass in recent
times [29]. These green solvents are formed by the selection of appropriate hydrogen
bond donors and hydrogen bond acceptors, which are both typically natural compounds,
making this type of solvent biocompatible and biodegradable among the most noticeable
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green factors [30]. Furthermore, its ease of synthesis without the need for purification, as
well as its lower cost, recyclability, and environmental benignity, are the most pronounced
benefits compared to ILs [31]. DESs have been used in the pretreatment of lignocellulosic
biomass with varying degrees of impact on the chemical and physical compositions of
the biomass [32,33]. Procentese et al. [22] reported the processing of lettuce leaves with
choline chloride–glycerol as an efficient pretreatment in biobutanol production, which
is energetically more economical than alkaline treatment. Very recently, Lima et al. [34]
studied the pretreatment of lignocellulosic biomass with choline chloride–oxalic acid DES,
and demonstrated the positive effect on biogas production at lower concentrations, while
concentrations of DES as high as 19.8 g/L showed strong toxic effects. However, to the best
of the authors’ knowledge, there are no reports on the use of ammonium thiocyanate:urea
DES-pretreated biomass for biomethane production via AD. Therefore, the objectives of
this work were to evaluate the physico-chemical properties of ammonium thiocyanate:urea
DES-pretreated corn stover, and to determine its biomethane potentials at different loading
rates through AD.

2. Materials and Methods

2.1. Materials

Analytical-grade ammonium thiocyanate (NH4SCN) and urea (NH2CONH2) were
purchased from Sigma-Aldrich (Darmstadt, Germany). H2SO4 (95–97%) was bought from
Merck, and CaCO3 for neutralization from Riedel-de Haën. The chemicals were used as
received without further purification.

2.2. Preparation of Deep Eutectic Solvent

Deep eutectic solvent was prepared from ammonium thiocyanate (HBA) with urea
(HBD) in molar ratios 1:1 and 1:2, respectively. The components were measured in the
desired ratio and placed in a sealed beaker heated on a hotplate with magnetic stirring at the
rate of 500 rpm at 80 ◦C for one hour, when the clear homogeneous solvent was obtained.

2.3. Sample Collection and Preparation

Corn stover (CS) was obtained from Irrua, Esan Central, Edo State, Nigeria. The
sample was cleaned of adhering soil, ground, and passed through a 600 micron sieve. The
sample was kept in an air-tight plastic bottle at room temperature before pretreatment.

2.4. Deep Eutectic Solvent Pretreatment of Corn Stover

Corn stover was pretreated with DES at 80 and 100 ◦C for one hour in an oven at
solid-to-liquid ratios of 1:2 and 1:4. Then, 5 g and 10 g of the biomass were thoroughly
mixed with 20 g of DES. The pretreated samples were cooled to room temperature and
washed with water to remove all the DES components, until the pH approached neutral.
The washed biomass was then dried at 70 ◦C for 3 h. The effect of varying temperature,
DES molar ratios, and solid-to-liquid ratios on the samples was analyzed to evaluate the
structural and chemical changes of the lignocellulosic biomass. In all eight corn stover
biomass samples labeled from A to H, with the raw sample used as the control, labeled I,
the biomass recovery was calculated as described by Procentese and Rehmann [35].

2.5. Biomass Characterization
2.5.1. Determination of Lignin, Organic Carbon, Ash, and Moisture Content

Acid-soluble lignin (ASL), acid-insoluble lignin (AIL), ash content, and organic carbon
content (CHO) were determined according to the standard procedure for the determina-
tion of structural carbohydrates and lignin in biomass [36]. Moisture content (MC) was
determined with a Moisture Analyzer (Mettler Toledo, Greifensee, Switzerland).
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2.5.2. Fourier-Transform Infrared Spectroscopy Analysis

Fourier-transform infrared spectroscopy (FT-IR) was performed with FT-IR Spectrum
Two (PerkinElmer, Waltham, Massachusetts, USA). The spectra were recorded at room
temperature, with wavenumbers ranging from 4000 cm−1 to 400 cm−1, a resolution of
4 cm−1, and 32 scans being performed for each measurement.

2.5.3. X-ray Powder Diffraction Analysis

Crystallinity was assessed through XRD analysis with the PANanalytical XPert PRO
(Malvern Panalytical, UK) high-resolution diffractometer using a Cu-κ1 radiation source
(1.5406 Å). The analysis was performed at an energy of 40 kV and electric current of 40 mA,
in the 2θ range from 10◦ to 80◦ (100 s per step at step size 0.034◦). The crystallinity index
(CrI) was calculated through the Segal method [37] according to Equation (1):

CrI = (I200 − Iam)/I200 × 100 (1)

I200 is the maximum intensity of the crystalline plane (200) at 2θ = 22.8◦ and Iam is
the minimum intensity of the amorphous region that is measured at 2θ = 18◦.

2.5.4. Morphology of the Corn Stover Biomass

The samples for SEM imaging were taped onto carbon tape and observed by the
scanning electron microscope SUPRA 35VP (Carl Zeiss, Jena, Germany).

2.5.5. Elemental Analysis

The carbon, nitrogen, hydrogen, and sulfur (CHNS) content was determined. Approx-
imately 15 mg of sample was weighted and analyzed using the Elemental Analyzer vario
EL Cube (Elementar, Langenselbold, Hesse, Germany). All samples were measured at least
three times.

2.6. Calculation of Higher and Lower Heating Values

Higher heating values (HHV) and lower heating values (LHV) of raw and DES-
pretreated corn stover were calculated through Equations (2) and (3), as described by [38].

HHV = 337 C + 1428 ((H − O)/8) + 95 S (2)

LHV = HHV − 2465 Mw (3)

where HHV and LHV are expressed in kJ·kg−1; C, H, O, and S present the weight percent-
ages on a dry basis of carbon, hydrogen, oxygen, and sulfur, respectively, while Mw is a
product of the fraction of hydrogen in the sample in 9 kg.

2.7. Anaerobic Digestion Process

Based on the physico-chemical properties and morphology of the samples, sample
G was used in the production of biomethane in a batch-mode digester at an average
ambient temperature of 28 ± 2 ◦C for a retention time of 21 days. Digesters were one-liter
glass reactors labeled accordingly, i.e., I35 and I50 represented raw samples at the feeding
regimes of 35 and 50 g/L, respectively, while G35 and G50 represented pretreated samples
at the same feeding regimes. Inoculum was obtained from the effluent from a laboratory
digester run on plantain peels for 21 days under mesophilic conditions. The inoculum was
kept for about two months under anaerobic conditions prior to the time it was used in the
anaerobic digestion (AD) process. Each of the digesters was seeded with 30 mL of inoculum.
Biomethane productions were determined by the method described by Fernández-Cegrí,
Ángeles De la Rubia, Raposo, and Borja [39].
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2.8. Statistical Analysis

Statistical analysis was carried out using one-way ANOVA with the confidence level
of 95% (p < 0.05) in conjunction with Tukey’s honestly significant difference post hoc test.
All experiments were performed in duplicate or triplicate and the results were expressed
as the mean ± standard deviation.

3. Results and Discussion

3.1. Effect of Deep Eutectic Solvent Pretreatment on Yield Recovery

The yield recoveries of the DES-treated corn stover samples are shown in Table 1,
which ranged from 81.8% to 86.3% with sample H having the lowest value (81.8%) while
sample A had the highest (86.3%) followed by sample B (85.6%). The range in our study is
higher than the 50% reported by Procentese and Rehmann [35] for coffee silverskin (CS)
pretreated with choline chloride/glycerol DES at 150 ◦C for three hours.

Table 1. Pretreatment conditions and the obtained yield of the recovered DES-treated corn stover.

Sample
DES/Molar

Ratio

Solid-to-
Liquid Ratio

(w:w)

Pretreatment
Temperature

(◦C)

Pretreatment
Time (min)

Yield
(%)

A AU 1:1 1:2 80 60 86.3
B AU 1:1 1:4 80 60 85.6
C AU 1:1 1:2 100 60 83.1
D AU 1:1 1:4 100 60 82.0
E AU 1:2 1:2 80 60 82.8
F AU 1:2 1:4 80 60 83.0
G AU 1:2 1:2 100 60 84.3

3.2. Phsicochemical Properties of Raw and Deep Eutectic Solvent Pretreated Samples

The physicochemical properties of raw (I) and pretreated samples (A–G) are shown
in Table 2.

Table 2. Pretreatment conditions and obtained yield of the recovered DES-treated corn stover.

Sample MC 1 (%) Ash (%) C/N TS 2 (%) VS 3 (%) AIL 4 (%) ASL 5 (%) CHO (%)

A 8.1 ± 0.8 1.00 ± 0.03 46.4 92 ± 1 * 91 ± 1 * 17.3 ± 0.9 * 1.00 ± 0.03 * 73.56
B 9.0 ± 0.3 1.2 ± 0.7 46.4 91 ± 0.4 90 ± 2 14.7 ± 0.1 * 1.3 ± 0.2 * 75.08
C 8 ± 2 1.1 ± 0.5 37.3 92 ± 2 * 91.0 ± 2 16.6 ± 0.6 * 1.5 ± 0.2 * 74.09
D 10 ± 1 1.4 ± 0.8 37.8 90 ± 2 88 ± 3 * 16 ± 1 * 1.60 ± 0.06 71.94
E 8 ± 1 3.3 ± 0.9 41.9 92 ± 2 89 ± 3 * 19 ± 1 * 1.30 ± 0.06 72.44
F 7 ± 1 2.3 ± 0.9 45.9 93 ± 1 * 91 ± 3 * 15 ± 4 * 1.4 ± 0.1 76.86
G 7.5 ± 0.1 0.26 ± 0.05 38.5 92.5 ± 0.1 92.4 * ± 0.1 13 ± 3 * 1.60 ± 0.09 * 78.10
H 8.1 ± 0.2 1.9 ± 0.2 39.7 91.9 ± 0.3 90.0 ± 0.6 14 ± 3 * 1.5 ± 0.1 * 76.43
I 8.1 ± 0.8 4.8 ± 0.3 49.9 92 ± 1 87 ± 1 17 ± 4 1.4 ± 0.2 72.85

1 Moisture Content (MC); 2 Total Solubility (TS); 3 Volatile Solids (VS); 4 Acid-Insoluble Lignin (AIL); 5 Acid-Soluble Lignin (ASL); * The
samples have significantly different mean values (p < 0.05).

The ash content of pretreated samples was lower than that of the raw sample, which
could be an indication of the high solubility of inorganic compounds in ammonium thio-
cyanate:urea deep eutectic solvents [40]. The organic carbon contents of all the pretreated
samples were all significantly higher than those of the raw samples. The AIL ranged
from 12.84% to 17.31% with sample A having the highest while sample G had the lowest
value. These values are lower than the 21.7% reported for corn stover by Zhu et al. [23].
For the ASL, sample A recorded the lowest value of 1.00%, while samples D and G had
the highest values of 1.63% and 1.62%, respectively. The values for ASL from samples D
and G are higher than the 1.5% reported for wheat straw by [41]. The AIL degradation
ranged from 2.35% to 23.53%. Sample G had the highest lignin fraction reduction while

211



Sustainability 2021, 13, 10504

sample C had the lowest (Table 3). On the other hand, samples A and E had an increase in
lignin fraction after pretreatment; this observed phenomenon has been attributed to the
formation of pseudo-lignin during pretreatment [42]. A decrease in AIL could improve the
biogas production capability of the samples as the lignin-carbohydrates complex would
have been broken, making it more amenable to enzymatic attack [43]. Regarding MC, TS,
and VC, only small and inconsistent changes were detected; therefore, it is impossible to
make a reliable conclusion about the effect of DES pretreatment on these parameters. The
statistical analysis using one-way ANOVA showed statistical significance of the results in
Table 2 (p < 0.05). Further analysis with Tukey’s honestly significant difference post hoc
test revealed significant differences of the treated samples compared to the initial sample I
shown in Table 2.

Table 3. Degradation of acid-insoluble and acid-soluble lignin after DES pretreatment.

Sample AIL Degradation (%) ASL Degradation (%)

A NA NA
B 13.53 7.14
C 2.35 NA
D 5.88 NA
E NA 7.14
F 11.77 NA
G 23.53 NA
H 17.65 NA

NA: Not Applicable; AIL: acid-insoluble lignin; ASL: acid-soluble lignin.

The ASL degradation for samples A, B, and C ranged from 5.15% to 26.47% with
sample A having the highest followed by sample B with 7.35%. On the other hand, samples
C, D, F, G, and H had an increase in ASL after pretreatment. Table 2 revealed that there was
an increase in carbohydrate contents of the samples after pretreatment except for samples
D and E.

3.2.1. Elemental Analysis

Elemental analysis of the samples revealed that carbon, hydrogen, and sulfur contents
increased with treatment, unrelated to the treatment conditions, while the nitrogen content
decreased (Figure 1a–d). The decrease in nitrogen could be attributed to the removal of
proteins, where treatments with an A:U ratio of 1:1 and a temperature of 80 ◦C were most
efficient. Moreover, the removal of nitrogen can influence the composition ratios between
other elements as well.

The nitrogen content values ranged between 0.88% and 1.20% with the raw sample
having the lowest value while sample C had the highest value. There was a significant
increase in nitrogen content after DES pretreatment, due to the selective removal of the
nitrogen-rich materials (proteins) form the corn stover biomass. The C/N ratio was
calculated, which ranged from 37.39% to 49.95%. This range was higher by 15–30%, which
was recommended for the AD [44].

3.2.2. Fourier-Transform Infrared Spectroscopy Analysis

FT-IR analysis revealed the same structural characteristics in all samples. In Figure 2,
the spectra of the untreated sample (I) and sample (G) are presented. The broadbands
observed at the wavelength of 3330 cm−1 are characteristic for the stretching vibration
of the hydroxyl group in polysaccharides. The band at 2900 cm−1 is attributed to the
stretching vibration of the C–H bond. The adsorption bands between 1756 cm−1 and
1546 cm−1 are associated with the hemicellulose complex [45]. The stretching in the range
from 1700 cm−1 to 1550 cm−1 may be correlated to the water adsorption. The bands at
1418 cm−1, 1369 cm−1, and 1319 cm−1 are attributed to CH2, in-plane CH deformation,
and CH2 wagging, respectively. The bands at wavelengths 1156 cm−1 and 1029 cm−1 are
characteristic for cellulose and are associated with the asymmetric C–O–C bridge stretching

212



Sustainability 2021, 13, 10504

of the anhydroglucose ring and C–O–C pyranose ring skeletal vibration that are present in
cellulose [46,47].

 

Figure 1. Elemental analysis of the pretreated (A–H) and untreated (I) samples for (a) carbon (C);
(b) hydrogen (H); (c) nitrogen (N); (d) sulfur (S).

 

Figure 2. FT-IR spectra of pretreated (A–H) and raw (I) samples, grouped according to the pretreat-
ment temperature.

3.2.3. X-ray Powder Diffraction Analysis

In XRD spectra, peaks for different crystal planes characteristic of cellulose I were
observed. The peaks at 14.9◦ and 16.7◦, which represent (110) and (110) planes, respectively,
are overlapped in all spectra, which would point to a diamond-shaped cross-section of the
crystallites [48]. There were no major differences in the characteristics of the XRD spectra
of samples, which point to the fact that cellulose does not undergo structural changes
during pretreatment. No shift in peaks was detected, which means that cellulose I did
not transition to cellulose II during the dissolution [49]. The crystallinity indexes (CrI)
of the treated and untreated samples are presented in Table 3. The CrI of the untreated
material was 54.9%. It was observed that samples treated with DES had some increase in
crystallinity except samples A and C. The highest CrI was reached by sample F with 62.1%

213



Sustainability 2021, 13, 10504

(Table 4). The increase in CrI is in agreement with the results reported for cotton stalk
pretreated with different pretreatment methods by Zhang et al. [50]. They proposed that
the increase was a result of the removal of the noncrystalline portions (amorphous regions)
of the samples by the DES pretreatments and may not necessarily mean an increase in
cellulose crystallinity.

Table 4. Crystallinity indexes of treated and untreated samples.

I A B C D E F G H

CrI (%) 54.9 54.1 55.9 52.9 55.1 59.3 62.1 58.4 57.1

3.2.4. Morphology

The samples were observed with a scanning electron microscope. Regarding morphol-
ogy, no differences were observed between samples. In Figure 3, untreated sample (I) and
sample B are presented. Both samples appeared rod-shaped with a rough surface and were
structured out of thinner, fiber-like particles.

 

Figure 3. SEM images of: (a,b) surface of untreated sample I, (c) treated sample B; (d–g) surface and
morphology of sample G, which was used for further production of biomethane.
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Furthermore, sample G was more thoroughly investigated as it was used for the
production of biogas. The micrographs of sample G are presented in Figure 3d–g. It is
possible to observe that the samples consisted of fiber-like particles, but their surface was
smoother than in sample B. The surface seemed more cracked than in the untreated sample.

3.3. Determination of Higher and Lower Heating Values

Using Equations (2) and (3), the calculation of HHV and LHV for corn stover biomass
samples was performed. HHV values contain the latent heat of the water vapor products
of combustion, while the LHV represents the correction to HHV due to moisture in the
fuel (biomass) or water vapor formed during the combustion of hydrogen in the fuel [51].
The calculated values for higher and lower heating values are presented in Figure 4. The
higher heating values ranged from 15,659 to 17,676 kJ kg−1, while the lower heating values
ranged from 14,308 to 16,282 kJ kg−1. The two samples (A and E) with the highest lignin
contents had the highest values for both HHV and LHV (17,676 kJ kg−1 and 16,282 kJ kg−1;
16,321 kJ kg−1 and 14,917 kJ kg−1). A direct correlation between lignin content and HHV
has been already reported in the literature [52]. The HHV for sample A was comparable
to 17,530 kJ kg−1 reported for palm oil mill effluent (POME), while its LHV is higher than
13,872 kJ kg−1 reported for the same sample of POME by Jekayinfa and Omisakin [53].

 

Figure 4. Calculated higher and lower heating values of raw and DES-pretreated corn stover.

3.4. Daily and Cumulative Biomethane Production

Daily biomethane production is shown in Figure 5a for raw samples I and DES-
pretreated samples G in digesters with 35 g/L and 50 g/L of biomass loadings. The
digester I35 production commenced on day 1, while in digester I50, there was no produc-
tion recorded until day 10, when the production reached 30 mL. For the DES-pretreated
digesters, G35 had started its production one day after I35, while digester G50 experienced
a delay in production for two days compared to I35. The latter had its peak value of 90 mL
on day 1; digester G35 attained its peak value of 110 mL on day 3, while G50 recorded
80 mL on day 3.
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Figure 5. (a) Daily biomethane production from raw and DES-pretreated corn stover and (b) the cumulative biomethane
production from raw and DES-pretreated corn stover.

Generally, there was a fast acclimation of microorganisms in digesters to the substrates,
as evident in the lag phase day(s), except digesters G50 with a lag phase of two days.
Digester I35 had no lag phase, while digester G35 had a lag phase of one day. Lag phase is
an important factor in AD because it shows the rapidity with which the microorganisms
acclimatize to the substrates, and from an economic point of view, the less lag phase that is
present, the more beneficial it is for the AD process. The cumulative biomethane production
is shown in Figure 5b, which revealed that a lower feeding regime produced more biogas
than the higher feeding regime. It is imperative to determine the appropriate feeding
regime for any biomass to be used for biogas production as there is no fit-it-all feeding
regime for potential feedstocks; therefore, each has to be treated on its own merit.

The biomethane production of digester G35 was 48% higher than its counterpart (I35),
a strong indication that DES-pretreatment significantly enhanced biomethane production
at this feeding regime. This was due largely to the changes in the physical and chemical
composition of the substrate after treatment with ammonium thiocyanate-urea-based DES
at 100 ◦C (G). The percentage increase of 48% recorded in this study is higher than the
previously reported 15.5% increase for wheat plant pretreated with dilute sulfuric acid by
Taherdanak, Zilouei, and Karimi [54].

Digester G50 had a lower biomethane yield than I35 did, which showed that the
35 g L−1 feeding regime was better for biomethane production for the DES-pretreated
sample. The lower feeding regime performed better in both the raw and DES-pretreated
digesters. Digester I50 produced only 30 mL of biomethane and, afterward, there was
no production until the end of the experiment (day 21). It has been reported previously
that overloading a digester could lead to low methane yield or digester failure due to the
accumulation of volatile fatty acid [55]. Although the complete study of the DES pretreat-
ment effects on the production of biomethane is not shown, the collected experimental
data showed a high potential for further exploration on the topic of waste corn stover
biomethane production employing AD.

The values obtained by different DES treatments of corn stover in Table 2 are statisti-
cally significant (p < 0.005); however, due to the single measurement of the anaerobic corn
stover, digestion cannot be claimed the same with a high degree of certainty; therefore,
further studies on that topic also including the techno economics should be considered.

4. Conclusions

The pretreatment of corn stover with ammonium thiocyanate:urea DES under varying
conditions revealed changes in physicochemical and structural properties compared to the
untreated sample. The implications of these changes on biomethane production from the
samples were discussed. The most promising of the samples was used in a novel attempt
to determine the effect of ammonium thiocyanate:urea-based DES pretreatment on the
biomethane potential of corn stover at two feeding regimes of 35 g L−1 and 50 g L−1. DES
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pretreatment significantly enhanced methane production at a 35 g L−1 loading rate with a
48% increase over the untreated sample.

In the future, a larger study of the DES pretreatment effects on the production of
biomethane should be carried out, as the collected experimental data showed a high
potential for further exploration on the topic of waste corn stover biomethane production
employing AD, in addition to the study of digestate composition, its utilization, and its
role in resources circulation. Furthermore, there is a need to explore other DESs for the
pretreatment of different substrates in order to evaluate their biomethane potentials and
optimize the process efficiency for an improved economy of AD.
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Abstract: Global warming is accelerating due to the increase in greenhouse gas emissions. Accord-
ingly, research on the use of biomass as energy sources, is being actively conducted worldwide to
reduce CO2 emissions. Although the production of agro-byproducts is vast, their utilization for
energy production has not been fully investigated. This study suggests an optimal torrefaction
process condition for agro-byproducts, such as grape branch and perilla, that have moisture content
but low calorific values. To determine whether these agro-byproducts can be used for energy sources
as substituents of fossil fuels, a mass reduction model was established and validated via experimental
results. Thermogravimetric analysis was conducted for different heating rates, and the activation
energy and frequency factor were derived through the analysis. The model was developed by
changes in rate constants, moisture content, ash content, and lignocellulose content in biomass. To
ascertain the optimal torrefaction conditions, fuel characteristic analysis and changes in energy yield
of torrefied grape branch and perilla were investigated. The optimal torrefaction conditions for grape
branch and perilla were 200 ◦C for 40 min and 230 ◦C for 30 min, respectively. The comparison result
of the experiment and simulation at the optimum conditions of mass reduction were 1.42%p and
1.51%p, and 15 ◦C/min and 7.5 ◦C/min at heating rate, respectively.

Keywords: agro-byproducts; torrefaction; mass reduction model; mass yield; heating rate

1. Introduction

Owing to the global increase in energy demands and the phasing-out of nuclear energy,
the Republic of Korea has established plans for increasing their portion of renewable energy
to 20% by 2030 [1,2]. Hence, alternative facilities and energy sources that can generate
electricity have increased as replacements of nuclear power plants. Thermal power plants
are one such facility. In terms of energy source, interest in biomass as a carbon-neutral
fuel source that emits only 1/12th the CO2 compared to fossil fuels has increased [2].
Research on reducing carbon emissions and generating profits by using biomass and
waste as energy sources is actively underway. There are several studies that suggest
conversion technologies from sugarcane waste into biooil and biogas [3]. In order to use
biowaste or byproducts as energy sources, a model to predict productivity of byproduct
was developed [4,5] and the economic sustainability of renewable energy potential from
agriculture, forestry, and other biomass was evaluated [6]. Rice straw and chaff are the
most widely investigated biomass sources (Figure 1), having been used as compost, animal
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feed for livestock, and other purposes. However, other biomass sources, such as perilla
and pepper stem, have a relatively smaller number of uses. In addition, these sources
have disadvantages such as low calorific value, high moisture content, and difficulty of
storage [7,8]. Torrefaction, a thermochemical conversion process, is a thermal pretreatment
of biomass with a temperature range of 200–300 ◦C under lean or anoxic conditions within
1 h [9–13]. After torrefaction, fixed carbon in biomass increases, along with its calorific
value. This property can be advantageous for storage and transportation of the torrefied
product owing to improvement in its waster resistance [8,9]. However, as the torrefied
sample can show different physical, chemical, and fuel properties depending on the process
time and temperature, determining the optimal conditions to maximize energy efficiency
is time consuming and costly.

Figure 1. Estimation of geographical and technical potential of biomass resources [1].

To determine the optimum conditions, several studies have explained the biomass
torrefaction prediction model by employing various process conditions and thermochem-
ical and physical changes during torrefaction [2,14–23]. However, studies pertaining to
the utilization of unused agro-biomass as a replacement energy source for fossil fuels are
lacking. Accordingly, this study proposes a mass reduction model based on moisture
content, ash content, and temperature duration. This process has been developed and vali-
dated for utilizing grape branch and perilla as energy sources. However, mass reduction
using the torrefaction process is associated with energy loss, therefore, there were accuracy
limits regarding the optimal torrefaction process based on mass yield only. Energy yield, a
parameter for relating mass yield and fuel properties, was calculated by elemental analysis
and fuel characteristic analysis, such as calorific value. An optimal torrefaction process
was suggested, and the model accuracy was evaluated.

2. Materials and Methods

2.1. Sample

Each 20 kg of grape branch and perilla, naturally dried, was collected in Chuncheon,
Gangwon Province. The collected samples are pulverized in powder form, and the change
in fuel characteristics and the possibility of use as fuel are confirmed through the torrefac-
tion process. Their bulk density and calorific value were measured, and proximate and
elemental analyses were conducted on wet basis.

222



Energies 2021, 14, 6125

2.2. Experimental Method

A sample less than 2.36 mm size and 3 g in weight was placed into a prototype capsule
(metal: carbon steel (AISI 304, ∅ 28 × 85H × 2T)) (Figure 2). To prevent rapid reaction
with external air, the capsule was sealed and put into an electrical furnace. The change in
mass reduction rate was measured after 3 process repetitions (including measuring heating
value, mass yield, and energy yield). Experiment was conducted interval of 10, 20, and
40 min after reaching 200, 230, and 270 ◦C, respectively [24], followed by cooling for 30 min
at room temperature; since ignition occurs when a sample with a high temperature above
the ignition point reaction with oxygen, cooling is required.

  

Figure 2. Prototype capsule.

2.3. Analysis Method
2.3.1. Bulk Density Analysis

The bulk density was measured as follows: particles smaller than 2.36 mm were
poured from a height of approximately 200–300 mm from a 5-L container. The full container
is dropped three times vertically from a height of approximately 150 mm from a flat, hard
surface. The particles remaining on the container are removed with a flat object and then
weighed. This process was repeated twice. The bulk density, in kg/m3, was calculated
using the following Equation (1), and the resulting value was rounded off to the first digit.

BD =
Mp − Mc

V
(1)

where BD is the bulk density (kg/m3); Mp is the weight of container with particles (kg); Mc
is the weight of empty container (kg); and v is the volume of empty container (m3).

2.3.2. Thermal Analysis

Woody biomass mainly comprises cellulose, hemicellulose, and lignin. Water evapo-
ration occurs at 100 ◦C. Degradation, discoloration, and carbonization occur in the order
of hemicellulose, cellulose, and lignin. This occurs in the temperature range of 150–350,
275–350, and 250–500 ◦C, respectively [6]. Condensed and non-condensed gases are gener-
ated at 110–300 ◦C due to evaporated volatile matter [9,25]. To determine mass changes
caused by degradation, evaporation, and gasification in terms of temperature changes,
thermogravimetric analysis was conducted using a thermogravimetric analyzer (DSA
Q2000/SDT Q600, TA Instruments, New Castle, DE, USA). The temperature was increased
at different heating rates (7.5, 15, and 22.5 ◦C/min).

2.3.3. Fuel Property Analysis

Torrefied biomass was dried for 3 h in oven dryer at 105 ◦C, and its calorific value was
measured using a calorimeter (6400, Parr, Moline, IL, USA). Measurements were conducted
3 times. According to ISO 18122:2015, an element analyzer (EA-3000, Eurovector, Cuzio,
Pavia, Italy) was used to determine the changes in elemental composition and plotted using
a Van Krevelen diagram [26,27]. There exists a direct relationship between mass yield,
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energy yield, and fuel properties. Mass, energy yield, and energy density were calculated
using Equations (2)–(4) on wet basis.

YM =
Mtorr

MBO,I
× 100 (2)

where YM is the mass yield (%); Mtorr is the biomass mass after torrefaction (g); MBO,I is
the initial biomass mass on wet basis (g).

EY = YM × HHVtorr

HHVraw
(3)

where EY is the energy yield (%); HHVtorr is the torrefied biomass higher heating value
[MJ/kg]; and HHVraw is the raw biomass higher heating value on wet basis [MJ/kg].

ED =
EY
YM

(4)

where ED is the energy density (-); YM is mass yield (%); and EY is energy yield (%).

3. Simulation Analysis

3.1. 1-D Mass Reduction Prediction Model

In this study, the finite element method (FEM) was used to predict the mass reduction
due to temperature change of biomass during the torrefaction. In order to use the finite
element method, the steel layer and the biomass layer were divided, and the biomass layer
was further divided into a total of 25 nodes (Figure 3). Tm−1, Tm, and Tm+1 are arbitrarily
positions divided according to FEM.

Figure 3. Finite element analysis to predict each node temperature in prototype capsule.

To calculate temperature changes according to thermal diffusivity (α) of the mass
reduction prediction simulation model, absolute temperature (T), thermal diffusivity
using specific heat (Cp) and heat conduction coefficient (K) were used following
Equations (5)–(8) [28–32].

(KSteel = 15 [W/m·K ], Cp,Steel = 477[J/g·K])
KGrape = 0.13 + 0.0003 × (T − 273.15) [W/m·K] (5)

Cp,Grape =
(
−9.12 × 10−2 + 4.4 × 10−3 × T

)
× 1000 [J/g·K] (6)
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KPerilla = 0.00249 + 0.0000145 × B.dperilla + 0.000184 × (T − 273.15) [W/m·K] (7)

Cp, Perilla =
(
−9.12 × 10−2 + 4.4 × 10−3 × T

)
× 1000 [J/g·K] (8)

α =
K

ρ× Cp

[
m2/s

]
(9)

where the B.dperilla is the bulk density, Equation (10) represents the rate of change of the
energy contents of the nodes; the first and second terms on the right-hand side are the rat of
heat conduction on the right and left surfaces, respectively. Equation (11) was represented
using Equations (9) and (10) [2].

ρAΔxCp
dTm

dt
= kA

Tm+1 − Tm

Δx
+ kA

Tm−1 − Tm

Δx
[W] (10)

dTm =
α

Δx2 × (Tm−1 − 2 × Tm + Tm+1)× dt [k] (11)

3.2. Thermal Change Analysis of Biomass

During torrefaction, absolute temperature (T) changes may occur differently based
on the density of biomass, moisture content, thermal permeability, and thermal property.
The absolute temperature (T) changes were calculated and used in Equation (12) to derive
the rate constant. To calculate the degree of reaction through thermal changes, the rate
constant was used. Rate constant (k) was derived following Arrhenius’ empirical equation
(Equation (12)) [33–37].

k(T) = A × exp
−Ea
R×T [1/s] (12)

After taking natural logs of both sides of Equation (13):

ln(k) =
(−Ea

R

)
×

(
1
T

)
+ lnA [1/s] (13)

In this study, frequency factor (A) and activation energy (Ea) were derived by ther-
mogravimetric analysis (TGA). The frequency factor means the number of frequency of
intermolecular collisions (1/s). The activation energy refers to the minimum energy re-
quired for a chemical reaction to proceed (kJ/mol). R is ideal gas constant (J/mol · k). As
shown in Equation (13), rate constant (k) can change the frequency factor (A), activation
energy (Ea), and also absolute temperature (T).

3.3. Mass Reduction Model

For predicting mass reduction during torrefaction, thermal conversion of biomass was
studied via two pseudoelementary reactions (Figure 4). Elementary reaction 1 comprises
moisture evaporation of biomass by drying and elementary reaction 2 involves thermal
changes to the lignocellulosic components and volatile matter [2,37–44]. Mass reduction
was calculated by considering the moisture content of raw sample (grape branch, perilla)
(W), lignocellulosic (including volatile and fixed carbon) components (L), and separately
(Table 1). Total mass reduction was calculated as the summation of measured quanti-
ties of these components (Equation (16)). Change in mass with time was multiplied by
lignocellulosic components and rate constant. Decrease in lignocellulosic components
and moisture content was derived from Equations (14) and (15), and kt and kd were rate
constants of lignocellulose and water, respectively. Mass after torrefaction was derived by
subtracting the sum of decrease in total mass (that is, the mass of lignocellulose, moisture
content) from the initial mass (Equation (16)). Here, t is time(s); total massinitial is the entire
biomass composition components before the torrefaction process; massfinal is the biomass
composition component, having removed the water and lignocellulosic components after
torrefaction process.

.
L =

dL
dt

= −kt × L (14)
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.
W =

dw
dt

= −kd × W (15)

Massfinal = Total massinitial −
.

W − .
L (16)

 

Figure 4. Thermochemical conversion of biomass [2].

Table 1. Raw sample properties of Grape and Perilla.

Bulk Density
(kg/m3)

Higher Heating Value
(MJ/kg)

Proximate Analysis (%) Element Analysis (%)

Moisture Ash Volatile Fixed Carbon C H N O

Grape 290 19.1 11.4 3.55 76 9.05 44.41 6.07 0.97 40.2
Perilla 150 18.9 7.77 5.83 71.2 15.21 41.19 5.68 1.15 31.49

4. Results

4.1. Fuel Properties

Figure 5 shows the Van Krevelen diagram of the elemental analysis result of torrefied
grape branch and perilla. With an increase in process temperature and time, the compo-
sition ratio of carbon was increased, while that of oxygen and hydrogen was decreased.
For the raw and torrefied grape branch comparison result, the composition ratio of carbon
increased by approximately 2–25%p, but the ratio of oxygen and hydrogen were decreased
by 22–40%p and 5–10%p, respectively. Comparing the raw and torrefied perilla, the com-
position ratio of carbon was increased by 14–60%p, but the ratio of oxygen and hydrogen
decreased by 19–44%p and 2–15%p, respectively. Calorific values are summarized in
Table 2. The calorific value of grape branch was 19.46–22.77 MJ/kg, and for perilla, it was
19.06–21.77 MJ/kg. There was a 2–19%p and 1.3–15%p increase compared with the raw
sample of grape branch and perilla, respectively. The energy yield was derived using
Equation (3) and summarized in Table 3. The energy yield of grape branch and perilla are
74.1–87.8% and 76–90.5%, respectively. Energy yield was also decreased with an increase
in process time and temperature.

Table 2. Heating value of torrefied grape and perilla.

Grape (MJ/kg) Perilla (MJ/kg)

200 ◦C 230 ◦C 270 ◦C 200 ◦C 230 ◦C 270 ◦C

20 min 19.46 19.56 21.27 19.06 19.27 20.95
30 min 19.46 20.36 21.90 19.10 19.65 21.59
40 min 19.51 20.75 22.77 19.14 19.95 21.77
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Figure 5. Van Krevelen diagram of torrefied grape and perilla.

Table 3. Energy yield of torrefied grape and perilla.

Grape (%) Perilla (%)

200 ◦C 230 ◦C 270 ◦C 200 ◦C 230 ◦C 270 ◦C

20 min 87.8 86.3 76.5 90.5 87.5 80.8
30 min 87.2 85.0 74.1 89.5 86.5 79.3
40 min 86.7 84.0 75.1 88.2 83.3 76.0

Figures 6 and 7 depict mass yield, energy yield, and energy density following tor-
refaction for each material. The higher the process temperature and longer time, the larger
the mass reduction. In the case of grape branch, the initial moisture content and volatile
content were higher than those of perilla; hence, mass reduction was larger than perilla
according to the process condition. Energy yield was decreased even though heating
values were increased with longer time and higher temperature, due to the larger mass loss
according to Equation (3). The energy density increased with higher process temperature
and longer process times. Thus, considering mass yield, energy yield (Figures 6 and 7) and
calorific value, the optimal conditions of grape branch and perilla were 200 ◦C for 40 min
and 230 ◦C for 30 min, respectively.

  
(a) (b) 

Figure 6. Cont.

227



Energies 2021, 14, 6125

 
(c) 

Figure 6. Grape mass and energy yields and energy density according to torrefaction process time and temperature. (a) At
200 ◦C, (b) at 230 ◦C, and (c) at 270 ◦C.

  
(a) (b) 

 
(c) 

Figure 7. Perilla mass and energy yields and energy density according to torrefaction process time and temperature. (a) At
200 ◦C, (b) at 230 ◦C, and (c) at 270 ◦C.

4.2. Thermogravimetric Analysis (TGA)

Table 4 shows TGA results. The peak temperature varies depending on the heating
rate, and the mass reduction occurs at the peak temperature. The burnout temperature
is defined as the temperature where the rate of mass loss falls below 1%/min [2,45,46].
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Results of thermogravimetric analysis for grape branch and perilla are shown in Figure 8.
The figures show different mass reductions at all heating rates below 350 ◦C. Biomass was
exposed to more heat at the low heating rate since the attainment of the target temperature
required more time. Consequently, more mass loss was observed. Figure 9 shows the
Arrhenius plot of torrefaction process temperature based on TGA results. The observed
scattering in the TGA graph might have been attributed to the fine movement of the
scale in the analyzer during TGA analysis. In addition, since the sample was not in a
uniform shape, the weight might have been affected by the movement of the center of
the sample according to the temperature change. Rate constants differed owing to the
differences in the heating rate at a constant temperature. To derive activation energy
and frequency factor, temperature range was divided into the water-evaporating and the
composition degradation parts, as shown in Figure 10. Tables 5 and 6 list the activation
energy, coefficient of determination (r2), and frequency factor based on the temperature
range for grape branch and perilla, respectively. Based on the TGA results, the 0–200 ◦C
temperature range is where initial mass reduction occurs. Here, water-evaporation for
the grape branch occurred within 130 ◦C, while water evaporation of perilla occurred
below 140 ◦C, absorbing heat for the phase change between 140–200 ◦C with less mass
reduction. Tables 5 and 6 show that the activation energy and frequency factor of the
samples increased in the first temperature range, which was divided into the temperature
range, in which the coefficient of determination of activation energy and frequency factor
was 0.9 or higher. This showed significant water reduction but changed to negative values
under the second temperature range, in which the reaction rate decreased after water
evaporation. The reason for the negative activation energy might have been attributed to
the exothermic reaction of the constituents of the biomass appears more prominent than
the endothermic reaction. Thereafter, the activation energy and frequency factor increased
under the third temperature range, during which the reaction rate increased.

Table 4. Thermogravimetric analysis results.

Material
Heating

Rate
(◦C/min)

Experiment
Time
(min)

Peak Tem-
perature

(◦C)

Burnout
Temperature

(◦C)

Purge
Gas

(mL/min)

Particle
Size

(mm)

Perilla

7.5 102.9 337.0 370.0

N2 (100) <0.154

15 52.2 350.4 390.0

22.5 34.7 357.0 432.0

Grape

7.5 102.9 331.5 363.3

15 52.2 341.0 380.5

22.5 34.7 349.5 402.5

(a) (b)

Figure 8. Biomass reduction curves for grape branch (a) and perilla (b) at various heating rates.
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(a) 

 

(b) 

 
Figure 9. Arrhenius plot of TGA data measured at different heating rates of grape branch (a) and perilla (b).

(a) 

 

(b) 

Figure 10. Regression lines of characteristic temperature for grape branch (a) and perilla (b) at a heating rate of 7.5 ◦C/min.

Table 5. Frequency factor and activation energy of grape branch from TGA results.

7.5 ◦C/min

Temperature range (◦C) 30–55 65–130 130–350

A (L/s) 1.99 × 102 2.14 × 10−11 5.72 × 103

Ea (L/Jmol) 3.8 × 104 −4.39 × 104 7.38 × 104

r2 0.944 0.918 0.972

15 ◦C/min

Temperature range (◦C) 30–70 70–140 140–350

A (L/s) 412.08 1.88 × 10−11 3.01 × 104

Ea (L/Jmol) 3.8892 × 104 −4.89 × 104 7.95 × 104

r2 0.924 0.955 0.993

22.5 ◦C/min

Temperature range (◦C) 30–75 75–165 165–350

A (L/s) 1.16 × 103 2.19 × 10−11 1.57 × 103

Ea (L/Jmol) 4.22 × 104 −4.96 × 104 6.55 × 104

r2 0.956 0.944 0.903
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Table 6. Frequency factor and activation energy of perilla from TGA results.

7.5 ◦C/min

Temperature range (◦C) 30–55 55–120 130–350

A (L/s) 8.156 1.07 × 10−11 2.30 × 10
Ea (L/Jmol) 2.801 × 104 −4.746 × 104 4.89 × 104

r2 0.934 0.950 0.973

15 ◦C/min

Temperature range (◦C) 30–60 60–140 140–350

A (L/s) 9.63 × 102 2.15 × 10−9 4.83 × 102

Ea (L/Jmol) 4.060 × 104 −3.457 × 104 5.00 × 104

r2 0.975 0.950 0.978

22.5 ◦C/min

Temperature range (◦C) 30–75 75–150 150–350

A (L/s) 2.958 × 102 1.020 × 10−9 8.790 × 10
Ea (L/Jmol) 3.714 × 103 −3.952 × 104 5.17 × 104

r2 0.967 0.972 0.978

4.3. Torrefaction Mass Reduction and Comparison with Simulations

The simulation was derived through the summation of each node through Equation (11),
and experimental results were compared, and the values for the grape branch and per-
illa are presented in Table 8, respectively. Under experimental conditions and different
temperatures, mass reduction of grape branch and perilla ranged from 13.98% to 37.03%
and from 10.69% to 34.36%, respectively. Meanwhile, simulated mass reductions ranged,
from between 4.07% and 69.37% and from 5.93 to the maximum of 69.87%, respectively.
Comparing the mass reduction values between the simulation and the experiment, the
highest accuracy for the grape branch was obtained at the heating rate of 15 ◦C/min and a
process temperature of 200 ◦C. For perilla, the heating rate was 7.5 ◦C/min, and the process
temperature was 200 ◦C. Under these conditions, the root mean square error (RMSE) for
the grape branch and perilla was 0.0356 and 0.0285, respectively. When Equation (16)
was derived from Equations (14) and (15), in the case of grapes, the simulation result of
200 ◦C through 15 ◦C/min of heating rate showed higher accuracy than other heating
rates. In addition, the error with the mass reduction amount of the 200 ◦C for 40 min
process, which is the optimal process condition derived through the experiment, was
1.42%p. A large amount of heat transfer was required since the bulk density of grape
branch was higher than that of perilla. In the case of perilla, the optimal condition through
the experiment was derived at 230 ◦C for 30 min, with an error of approximately 1.5%p
(at heating rate 7.5 ◦C/min) when compared with the simulation. Perilla has low bulk
density and relatively lower moisture content than grape branch. Therefore, the mass loss
was sufficiently reduced even with a low heat-transfer rate at a low heating rate. These
results were judged to fall within the mass yield error range for each optimal condition
(Figures 6a and 7a). This also confirmed that an error occurred as a result of the simulation
mass reduction derivation. An error occurred since the mass reduction was derived using
the frequency factor and activation energy derived from the temperature range along the
trend line (Figure 10), deriving the frequency factor and activation energy by dividing the
temperature range in detail and then applying it to the simulation to reduce the error. In
addition, through the developed model, it is possible to reduce the amount of waste by
converting unused agricultural byproducts into an energy source.
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Table 7. Grape mass reduction comparison.

Temp.
(◦C)

Time
(min)

Experiment
Simulation Simulation Simulation

7.5 ◦C/min 15 ◦C/min 22.5 ◦C/min

Mass
Reduction (%)

Mass
Reduction (%)

r2 RMSE
Mass

Reduction (%)
r2 RMSE

Mass
Reduction (%)

r2 RMSE

200
20 13.98 4.07

0.996 0.0847
8.30

0.996 0.0356
8.44

0.996 0.060430 14.57 6.25 12.61 12.93
40 15.26 8.35 16.68 17.17

230
20 17.52 11.30

0.997 0.0411
19.26

0.993 0.0929
20.48

0.995 0.110930 20.41 16.96 28.34 30.25
40 22.84 22.70 36.73 39.06

270
20 31.28 28.0

0.964 0.0956
39.48

0.976 0.2057
43.12

0.981 0.240830 35.48 41.50 54.98 59.01
40 37.03 52.10 65.70 69.37

Table 8. Perilla mass reduction comparison.

Temp.
(◦C)

Time
(min)

Experiment
Simulation Simulation Simulation

7.5 ◦C/min 15 ◦C/min 22.5 ◦C/min

Mass
Reduction (%)

Mass
Reduction (%)

r2 RMSE
Mass

Reduction (%)
r2 RMSE

Mass
Reduction (%)

r2 RMSE

200
20 10.69 5.93

0.858 0.0285
7.60

0.854 0.0368
9.86

0.851 0.096430 11.07 9.95 13.08 16.95
40 13.31 14.02 18.51 23.87

230
20 14.61 10.80

0.979 0.0379
14.46

0.975 0.0910
18.95

0.969 0.160430 17.16 18.67 25.0 32.27
40 21.46 26.59 35.14 44.36

270
20 27.43 20.12

0.985 0.0866
27.29

0.977 0.1670
35.42

0.963 0.257830 30.48 34.64 45.52 56.36
40 34.36 46.78 59.07 69.87

5. Conclusions

In this study, to investigate the possibility of using agro-byproducts, specifically
grape branch and perilla, as energy sources, a torrefaction process was used. Based on
the experimental results, mass reduction of grape branch and perilla was 13.98–37.03%
and 10.69–34.36%, respectively. Results of fuel properties analysis showed that range of
the calorific value of grape branch and perilla was 19.46–22.77 and 10.69–21.77 MJ/kg,
respectively. Although calorific value increased, energy yield decreased due to higher mass
loss. Considering mass yield, energy yield and calorific value, the optimal condition of
grape branch and perilla was 200 ◦C for 40 min and 230 ◦C for 30 min, respectively. Based
on TGA, a mass reduction model during torrefaction was established and validated with
experimental data. Fuel properties were observed using proximate analysis, elemental
analysis, and measuring calorific value. Based on different heating rates, the rate constant
was derived and applied to the mass reduction model, and experimental and simulation
results were compared. RMSE of grape branch was 0.0356 under a heating rate of 15 ◦C/min
at 200 ◦C and RMSE of perilla was 0.0285 under a heating rate 7.5 ◦C/min at 200 ◦C. Mass
reduction differences between the simulation and experiment with grape branch under the
heating rate 15 ◦C/min to 200 ◦C in 40 min and perilla at 7.5 ◦C/min to 230 ◦C in 30 min
were 1.42%p and 1.51%p, respectively. The frequency factor and activation energy derived
from the TGA results for each heating rate had an effect on the mass reduction due to
the temperature change of grape and perilla. Studies using TGA at various heating rates
and applying specific heat and thermal conductivity coefficient equations through various
references to improve the accuracy of the simulation model are warranted in the future.
Further research could be performed on not only forestry byproducts but also industrial
wastes into fuel.
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Abstract: Biogas is one of the most attractive renewable resources due to its ability to convert waste
into energy. Biogas is produced during an anaerobic digestion process from different organic waste
resources with a combination of mainly CH4 (~50 mol/mol), CO2 (~15 mol/mol), and some trace
gasses. The percentage of these trace gases is related to operating conditions and feedstocks. Due
to the impurities of the trace gases, raw biogas has to be cleaned before use for many applications.
Therefore, the cleaning, upgrading, and utilization of biogas has become an important topic that has
been widely studied in recent years. In this review, raw biogas components are investigated in relation
to feedstock resources. Then, using recent developments, it describes the cleaning methods that have
been used to eliminate unwanted components in biogas. Additionally, the upgrading processes are
systematically reviewed according to their technology, recovery range, and state of the art methods in
this area, regarding obtaining biomethane from biogas. Furthermore, these upgrading methods have
been comprehensively reviewed and compared with each other in terms of electricity consumption and
methane losses. This comparison revealed that amine scrubbing is one the most promising methods in
terms of methane losses and the energy demand of the system. In the section on biogas utilization, raw
biogas and biomethane have been assessed with recently available data from the literature according to
their usage areas and methods. It seems that biogas can be used as a biofuel to produce energy via CHP
and fuel cells with high efficiency. Moreover, it is able to be utilized in an internal combustion engine
which reduces exhaust emissions by using biofuels. Lastly, chemical production such as biomethanol,
bioethanol, and higher alcohols are in the development stage for utilization of biogas and are discussed
in depth. This review reveals that most biogas utilization approaches are in their early stages. The gaps
that require further investigations in the field have been identified and highlighted for future research.

Keywords: biofuels; biogas components; purification; utilization of biogas
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1. Introduction

The bioeconomy is a new approach economy model that produces energy, food, and
materials from renewable biological resources [1]. Bioenergy, which is produced from
biomass, may be used in any energy industry, such as electricity and transport. The circular
bioeconomy has become more competitive with conventional production pathways every
day. The productivity of resources, especially bioenergy, has been shown to affect economic
growth [2]. As a result, it is clear that the expansion of the bioenergy business aids the
reduction in pollution and unemployment [3]. Several authors have concluded that bioen-
ergy has a significant role to play in the decarbonization of society. In this context, it is
critical to widen and deepen investigations of bioenergy materials that could be employed
to aid in the attainment of sustainability objectives [4]. D’Adamo et al. [1] has explained
and highlighted very well the future trend of renewable energy resources and especially
their sustainability aspect with new concepts definitions. Renewable energies are critical
components of the energy revolution, which aims to replace fossil fuel production with
renewable energy [1]. Biomasses, when compared to other green sources such as wind,
photovoltaic, and hydropower, can have the greatest influence in this context. Biomasses
are suitable for use in local energy supply and consumption systems. This means that
energy production from locally sourced biomass is far more sustainable than energy pro-
duction from biomass sourced from other areas, sometimes even across national borders [1].
This practice must be closely monitored, and it must be accompanied by sustainability
evaluations that justify its use. The goal is to promote the use of renewable energy sources
in order to achieve circularity while maintaining an appropriate tradeoff between food
production and biobased energy resource generation [1]. It is important to remember that
the existing transportation industry generates a substantial amount of global emissions,
and the percentage of renewable energy in this sector has not yet reached acceptable lev-
els [1]. Among the renewable energy production pathways, biogas produced through
the anaerobic digestion process is under the spotlight due to being able to answer those
concerns mentioned above.

Anaerobic digestion is a series of successive biochemical reactions, namely hydrol-
ysis, acidogenesis, acetogenesis, and methanogenesis, performed under strict anaerobic
conditions [5–7]. These reactions lead to a gas mixture production known as digestion
gas or biogas. The primary gas of economic value among these components is methane.
For this reason, the term "biogas" is an inaccurate and imprecise term, because the carbon
dioxide (CO2) gas produced by aerobic decomposition is also "biogas" in a sense—just
like other biogasses, it is the result of the biodegradation. However, the term "biogas" is
specifically used to refer to the CH4–CO2 combustible mixture produced by the anaerobic
decomposition of organic matter [8]. This biogas is made up of 45–75% methane (CH4), the
remainder being mainly CO2 between 20–55%, with traces of other gaseous compounds
(impurities) such as hydrogen sulfide (H2S), nitrogen (N2), hydrogen (H2), oxygen (O2),
and others, which are explained further in detail below. This biogas becomes flammable at
methane levels greater than 45% [9–11].

Impurities appear for various reasons in raw biogas. Among them, it was found that
the feedstock that is introduced into the reactor contains some impurities; these were later
found in the generated biogas after the evaporation of impurities in the digester. Siloxanes
are an example of such compounds. Similarly, during anaerobic digestion, impurities can
likewise be formed. Ammonia and hydrogen are an example of such impurities. Addi-
tionally, the temperature inside the reactor and the volatility of the compound influence
the quantity that evaporates. In raw biogas, water is also found [12,13]. A good num-
ber of these impurities are malodorous, among them, there are H2S, HCl, HF, H2, CO,
O2, N2, NH3, and volatile organic compounds (VOCs). They are divided into organic
and inorganic compounds. Organic compounds, in addition to containing methane, also
include VOCs like siloxanes, iodomethane, toluene, xylenes, ethers, benzene, ketones,
naphthalene, alcohols, esters, furans, and undecane. These VOCs also contain nitrogen
compounds (due to degradation of protein waste), volatile fatty acids (VFAs), and volatile
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sulfur compounds (VSC). Inorganic gases produced in the anaerobic digester by anoxic
respiration (denitrification) are nitrous oxide (N2O) and molecular nitrogen (N2). It is
also possible to produce these inorganic gases by adding some compounds to increase
the alkalinity of digestion, which contain nitrates such as sodium nitrate (NaNO3) or by
nonoxidative respiration during the transfer of sludge to the digester with the transfer of
nitrate ions (NO3

−). Among the inorganic and the most undesirable gases, which may
lead to damage to the digester equipment and are produced during anaerobic digestion,
include hydrogen sulfide (H2S) along with dichlorine monoxide (Cl2O), chlorine (Cl2),
chloric acid (HClO3), and hypochlorous acid (HClO). The production of H2S is due to the
proteinaceous compounds containing sulfur that are transferred to the digester with the
organic waste feed [6,14,15].

Depending on the subsequent use of the biogas, these impurities linked to the trace
compounds must be removed. For example, some applications do not need high-quality
energy, such as cooking and lighting and biofuel as biomethane for transportation. In
such cases, carbon dioxide removal from biogas (upgrading) becomes unnecessary [16].
However, carbon dioxide removal when using biogas as a vehicle fuel is very necessary.
Conversely, the presence of the other impurities in small quantities in the biogas damages
equipment, engines, metal parts, etc., as is the case with H2S and water vapor which
generate highly corrosive compounds such as H2SO4, and their presence reduces the
equipment’s lifespan. Therefore, these impurity types require a deep elimination from
biogas before any use [17,18].

Biogas treatment usually aims to be a purifying and upgrading process. The biogas
cleaning process (purification) includes firstly drying it by dewatering, then removing
hydrogen sulfide, and finally removing other impurities. The upgrading process is precisely
the separation of methane from carbon dioxide in the biogas to obtain higher purity
methane as a biomethane. [19–21]. There are several methods for purifying and upgrading
biogas. Despite its high requirements of energy and chemicals, biological, physical, and
chemical methods are the most commonly used. Among these methods, there is chemical
or physical adsorption with a high surface area, gas absorption, condensation, washing or
scrubbing with specific liquid solvents, catalytic conversion, and membrane separation.
Due to the growing demand for energy and chemicals from these technologies, biogas
upgrading by biotechnological processes has experienced rapid development in recent
years. The biological techniques are considered a promising alternative because of their
economic competitiveness and superior environmental sustainability. This technology is
based on the use of microbial consortia capable of efficient application even on a small
scale. Biofiltration is one of the most important methods used in this field [22,23]. The
final product is biomethane typically containing 95–99% of CH4, 1–5% of CO2, and a
significantly low level of H2S [24].

After biogas cleaning and upgrading, natural gas can be replaced by the final biomethane
obtained and become a direct alternative when CH4 > 96%, which is the same percentage
as natural gas [25]. However, this methane level standard varies from one country to
another in the European Union since it is technically a mandatory requirement according
to some countries. To illustrate, if the methane content of biogas is higher than 85%, it
can be injected into the natural gas grids in the Netherlands, while this percentage must
reach 96% and 97% in Switzerland and Sweden, respectively [25]. It can be compressed
to be used as compressed renewable natural gas (CNG), or else liquefied to be used as
liquefied renewable natural gas (LNG) [26]. Biomethane can also be used in a wide range
of applications including as fuel for engines and gas turbines to generate electricity, as a
conditioner for the storage and preservation of fruits and vegetables, as fuel for fuel cells,
as raw materials for modern industry, for disinfection and storage of seeds, and many other
uses [27–29].

The global biogas industry market has seen an accelerated increase over the last decade
(2009–2019) estimated at more than 126% as reported by the International Renewable
Energy Agency (IRENA). Where the overall potential of the industry has increased from
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46 terawatt hours (TWh) in 2009 to 91.8 TWh in 2019 [30,31]. The European Union produces
69% of this amount with 63.3 TWh. Germany produces approximately half of the biogas
in the entire EU with more than 32.9 TWh followed by Italy and UK with more than 8.2
and 7.5 TWh, respectively. Moreover, there are currently 93 agricultural biogas plants in
Poland and their energy production potential is 131 PJ/year [32]. Outside of the European
Union, the United States produces 12.6 TWh, China produces 3.8 TWh, Thailand produces
2.6 TWh, and Turkey produces more than 2.5 TWh. The remaining countries outside of
the European Union produce less than 2 TWh. The above statistics are for 2019 and were
published by IRENA in 2021 [31]. In recent years, the motivation for the choice of biogas-
upgrading technologies is determined by local markets based on the number of existing
biomethane projects [33]. The biomethane sector is mostly developed in the European
Union, with Germany holding a strong position due to its decision to utilize biomethane
in combined heat and power plants. Sweden, on the other hand, employs biomethane
as a biofuel for public transportation [34]. Moreover, a study for biomethane feasibility
reveals that when the capacity of biomethane production plants is higher than 500 m3/h,
the plants show significant economic improvements in comparison to small scale plants.
Additionally, the economic losses may be between EUR 370,000 and EUR 2.9 million for
each year the construction or conversion of biomethane plants is postponed [34]. In the EU,
there are 367 operational biomethane plants, and 178 of them which produce 8.5 TWh of
biomethane annually, are located in Germany [35]. Moreover, 25 operational biomethane
plants are located in the United States, six in Japan, and five in South Korea [35].

The aim of this review is to study biogas in depth, starting with the properties and
components of biogas. Moreover, the study investigates impurities in biogas and the
possible reasons why they exist in biogas. Afterward, the next section is focused on the
elimination of these impurities as a cleaning process with recent developments. In addition,
to obtain biomethane from biogas, the upgrading procedures are systematically assessed
according to their state of the art technology and recovery range of methane in this area.
Furthermore, various upgrading methods have been thoroughly examined and compared
in terms of electricity usage of methods and their methane losses. For methane losses
and system energy demand, the most promising strategy of the upgrading process was
determined. Moreover, raw biogas and biomethane have been assessed with recently
available data in the literature in the utilization of the biogas section. Biogas utilization
pathways were investigated regarding their electrical production efficiency. Furthermore,
the review reveals that biogas can be used as a biofuel for vehicles in an internal combustion
engine. The usage of biogas in vehicles as a biofuel was discussed with its advantages and
disadvantages. Finally, gaps in the field that needs to be investigated further have been
highlighted for future research in this field.

2. Biogas Properties and Components

Biogas is produced by organic matter degradation through the anaerobic digestion
process using anaerobic digesters or directly from landfills and ponds. The main biogas
components are CH4 and CO2. Biogas burns easily due to the presence of methane,
while the second noncombustible compound, CO2, lowers the biogas calorific value [16].
However, the biogas becomes flammable as soon as the CH4 content is greater than 45%,
and a mixture of 60% CH4 and 40% CO2 is capable of keeping a steady flame with a
calorific value of approximately 5340 kcal/m3 at 15 ◦C, compared to 9000 kcal/m3 for pure
CH4 [36]. The typical biogas properties are presented in Table 1.

Adding to its two main components (CH4 and CO2), raw biogas also contains some
impurities in small amounts. These impurities appear because the production and raw
biogas composition are affected by several factors including fermentation technology,
operating conditions (such as pH, temperature, organic loading rate), substrate type and
its organic matter concentration, collection method, etc. [29,37]. Among these impurities
there is H2S (0.005–2%), NH3 (<1%), N2 (0–2%), H2 (0–4%), H2O (5–10%), VOCs (< 0.6%),
CO (<0.6%), siloxanes (0–0.02%), and O2 (0–1%) [12,19,21,38,39].
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Table 1. The properties of typical biogas from an anaerobic digestion process [40–43].

Properties Values

Composition 55–70% methane (CH4), 30–45% carbon dioxide (CO2), traces of
other gases

Energy content 6.0–6.5 kWh/m3

Wobble index 19.5 MJ / m3

Fuel equivalent 0.60–0.65 l oil/m3 biogas

Explosion limits 6–12% biogas in air

Ignition temperature 650–750 ◦C (with the above-mentioned methane content)

Critical pressure 75–89 bar

Critical temperature −82.5 ◦C

Normal density 1.2 kg /m3

Heat of vaporization 0.5 MJ/kg

Smell Rotten egg (the smell of desulfurized biogas is hardly noticeable)

Molar mass 16.043 kg/kmol

Methane number 124–150

Flame speed 25 cm/s

Lower heating value 17 MJ/kg

The proportion of these impurities in raw biogas is governed by several parameters.
Therefore, the percentages differ from one substrate to another and differ within the same
substrate if the anaerobic digestion conditions differ. For example, the percentage of
H2S in raw biogas varies depending on the percentage of the proteinaceous and other
sulfur compounds in the substrate [13]. Additionally, the percentage of O2 and N2 in
the raw biogas varies according to the percentage of air introduced into the digester to
remove the hydrogen sulfide by oxidation in certain cases, or the air entering the landfill
by reducing the gas pressure in order to extract the gas in other cases. There are also other
reasons for certain impurities in the the substrate, which can evaporate during the anaerobic
digestion process in the reactor due to the process temperature and the component’s volatile
nature, such as siloxanes and H2O found in raw biogas compounds [12,15]. The typical
composition of biogas generated from different origins versus natural gas is summarized
in Table 2. Hereinafter, each of these impurities will be discussed separately and in depth.

2.1. Carbon Dioxide

CO2 is the second main component of biogas. During the complex degradation pro-
cesses of organic materials, different types of bacteria are involved to produce biogas. CO2
is produced during some of these steps and acts as an electron acceptor for methanogenic
microorganisms [13]. The percentage of this component in the biogas is influenced by
temperature, pressure, and the liquid content in the digester [42]. The concentration of
CO2 dissolved in water decreases with increasing temperature during the fermentation
process which causes an increase in the CO2 level in the produced biogas. Unlike the other
two parameters (the pressure and the liquid content in the digester), when they are higher,
they lead to an increase in the concentration of CO2 dissolved in the water, which causes a
decrease in the CO2 level in the produced biogas. This is considered to be beneficial for
biogas [42].
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Table 2. Composition of biogas generated from different origins versus standard biogas (EBA) and natural gas [12,44–46].

Compound Agricultural Waste Landfills Industrial Waste Wastewater
Standard

Biogas (EAB *)
Natural Gas

CH4 % 50–80 35–80 50–70 60–70 50–75 81–97

CO2 % 19–50 15–50 30–50 19–40 24–45 0.2–1.5

H2O % ≤6 1–5 1–5 1–5 1–2 -

N2 % 0–1 0–3 0–3 0–1 1–5 0.28–14

O2 % 0–1 0–1 0–5 <0.5 Traces -

H2 % 0–2 0–5 0–3 0 0-3 -

H2S ppm 2160–10,000 0.1 0.8 0-4,000 0.1–0.5% 1.1–5.9

NH3 ppm 50–144 ∼5 - 100 - -

CO % 0–1 0–1 0–1 - 0–0.3 -

Total Cl mg/m3 - 5 - 100 - -

Siloxanes % Traces Traces Traces - - -

* EBA: European biomass association.

The volumetric energy content of biogas decreases with increasing CO2 percentage.
When biogas is used as fuel for vehicles, CO2 is considered an impurity; therefore, it should
be removed from raw biogas. However, it can be tolerated for power and heat generation.
When CO2 is mixed with water, CO2 will be transformed into carbonic acid. This formation
will cause some damage to the equipment [20].

2.2. Water Vapor

The anaerobic digestion process is categorized based on humidity in the digester con-
tent, which is linked to the moisture content of the feedstock. There are two main anaerobic
digestion types: wet (liquid) anaerobic digestion with a moisture content from 85% to 99.5%
and dry (high solids) anaerobic digestion with humidity from 60% to 85% [47]. Accordingly,
during the anaerobic digestion process, a small amount of this water evaporates to become
one of the biogas components. Its proportion in the biogas is dependent on the internal
digester temperature and pressure [20].

The water in raw biogas can create some problems such as corrosion of equipment
and reaction with other components like CO2, NH3, and H2S to produce an acidic solution.
Further, it can cause blockage of pipelines, flow meters, valves, compressors, etc., during
subsequent cooling. The two phases coexist; liquid and gas cause flow oscillations which
can interfere with the operations control. Moreover, water decreases the energy content
and affects biogas heat value [6,13,48,49]. Briefly, water creates a negative impact on biogas
utilization, so it is necessary to dry biogas before use.

2.3. Hydrogen Sulfide

Hydrogen sulfide is considered one of the most highly toxic gases as it can lead
to serious risks to human health and can kill quickly (from 30 minutes to one hour) if
its concentration reaches 0.05% of inhaled air [50]. It can also be used as a powerful
nerve poison. When this gas combines with alkaline substances in tissues, it can form
sodium sulfide and cause damage to the respiratory system and eyes. When it arrives in
the bloodstream, it associates with hemoglobin which leads to nonreducible hemoglobin
formation that causes toxic symptoms. Similarly, it excites human mucous in a strong way.
It is quickly taken by the lungs and stomach and can cause conjunctivitis [20,50].

This gas occurs in small amounts (ppm levels) during the protein’s degradation
throughout the anaerobic digestion process from organically bound sulfur (S-bearing
proteins). This gas production rate differs with the protein rate in the substrate entering
the digester. Low rates are recorded with vegetable waste. While the highest rate comes
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from protein-rich materials like molasses, which produce more than 3% by volume of H2S.
However, the average rates are produced by animal waste such as poultry droppings and
cattle and pig manure, with an H2S level of 0.5% and 0.3%, respectively. Usually, this gas
in biogas from wastewater treatment plants is higher compared with biogas from landfills.
Another source of H2S gas comes from the biochemical transformation of mineral sulfur
(sulfates) to sulfide by sulfate-reducing bacteria. Sulfides are inhibitory to methanogens and
can decrease methane production. Another source of H2S gas comes from the biochemical
transformation. During the AD process, when the degradation of sulfur (S) compounds and
the desulfurization of sulfates (SO4

2−) occur, H2S is produced. Microorganisms need SO4
2−

because it is not only converted into cellular materials with enzymes but also behaves like
an electron acceptor while organic matter is oxidized. If SO4

2− exists inside the AD reactor,
H2S is produced from H2 and SO4

2−. Sulfate-reducing bacteria and methanogens compete
with each other to obtain H2 in the AD reactor. In this circumstance, sulfate-reducing
bacteria can dominate over methanogens due to their higher microbial growth rate, higher
demand of H2, and higher energy yield during reduction [50–53]. Therefore, if sulfate is
present during anaerobic digestion, the sulfate-reducing bacteria always produce H2S.

H2S is the most problematic and common impurity in raw biogas as shown in Table 3.
It is a colorless gas with a strong rotten-egg smell that appears even at very low concentra-
tions (0.05 to 500 ppm). It is inflammable. When mixed with oxygen, it forms an explosive
mixture. On combustion, when it reacts with water it forms sulfur dioxide (SO2) which is a
toxic material and causes the flue gas to appear corrosive due to the formation of sulfuric
acid. The latter causes acid rain to precipitate which is harmful to the environment. The
airborne emissions from SO2 are limited in several countries. H2S also produces weak acids
when dissolved in water. At room temperature, it can produce metal sulfides by reaction
with certain metal oxides such as zinc oxide and ferric oxide. It can also produce hydro-
sulfide or metal sulfide by reaction with alkalis. Similarly, it can produce low solubility
sulfides by reaction with metal ions in liquid form except for alkali metals and ammonium.
For copper compounds, this gas type is caustic. Moreover, it also damages many engines
components [13,20,49,50].

Table 3. Impurities in biogas and their negatives impacts [13,21,22,24,25,42,53–58].

Compounds Negatives Impacts

CO2

Reduces the overall calorific value; Promotes metal part corrosion due to the formation of low carbonic acid;
Affect and damages alkaline fuel cells; Alteration of combustion properties, which affects the efficiency and

safety of end-user equipment.

H2O

A major contributor to corrosion in aggregate compressors, gas storage tanks, engines and pipelines by
forming acid with other compounds such as H2S, NH3, and CO2; Condensation formation resulting in

damage to instruments; Freezing of accumulated water under high pressure and low-temperature
conditions; Corrosion, rust, lubrication washes, clogging of pipes; Absorption/accumulation of other

contaminants; Reduce combined heat and power production in cogeneration engine efficiency; Damage gas
compressors; Condensation due to high pressure; accumulation in pipes.

H2S

Acts as a corrosive in pipelines; Causes SO2 emissions after combustion or H2S emissions in case of
incomplete combustion.

Poisons catalytic converter; Corrosive to steel reactors, compressors, gas storage tanks, engines and
instruments; Toxic at 450 ppm or (>5 mL/m3); Due to furious combustion, there is the formation of SO2, SO3,

which is more highly toxic than H2S and can form H2SO4 causing more severe corrosion; Adsorbs
irreversibly on the adsorbent and poisons it; Poison of the catalytic converter; Inhibits adsorption of fuel

molecules and thus affects fuel oxidation; Affects fuel reforming, causes resistance to mass transport across
electrodes caused by sulfur blocking sites; Unpleasant odor; Toxic to PSA adsorbents.

Siloxanes
Formation of SiO2 and microcrystalline quartz during the combustion process and deposition on engine

surfaces, valves, spark plugs, and cylinder heads, abrading the surface and causing grinding and
malfunctioning of the engine part; Abrasion of engines, insulators, and spark plugs.
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Table 3. Cont.

Compounds Negatives Impacts

NH3, O2

NH3: Toxic to anaerobic bacteria; Leads to an increase in the anti-knock properties of engines; Increased NOx
emissions after combustion; Toxic compound: health problems; Corrosion in equipment due to reaction with

H2O to form a base; Forms nitrogen oxides during combustion in gas engines, foul odor.
O2: Explosive at high O2 concentration in biogas.

VOCs
Toxic, and forms polyhalogenated dioxins and furans; Corrosive to combustion engines; Effect on elastomers
and plastics: system integrity problems; Carcinogenic and toxic: health problems; Soot formation during the

combustion of PAHs; Impact on safety and performance of end-user equipment.

Particulates (dust) Damages vents and exhaust by clogging; Clogging equipment and engine because of deposition in
compressors and gas storage tanks.

2.4. Siloxanes

Siloxanes are organic compounds based on a combination and repitition of silicon and
oxygen atoms encircled by methyl groups. Usually they are classified as VOCs because
they are degraded into volatile methyl siloxanes (VMS). The latter have a linear or cyclic
structure and their degradation makes them a low molecular-weight species [42,59,60].

Siloxanes are mostly added to health care consumer products to improve lubricity.
They are used in a wide range of products including cosmetics, shampoos, soaps, deter-
gents, in industrial uses as precursors in polymeric silicone products, paints, etc. [59–61].
Most of these compounds are drained to wastewater treatment plants (WWTP) after rinsing,
where they are absorbed by sludge. Since these siloxanes are resistant to biological and
chemical degradation and have low solubility, they accumulate inside the sludge, making
it a reservoir of siloxanes. Another reservoir for siloxanes is landfill, where most of the
residues of the product containing siloxanes are disposed of [57,59,61].

While treating sludge by an anaerobic digestion process or waste in landfills, the silox-
anes are present in the raw biogas as impurities. Therefore, it is expected that the amount
of the siloxanes in the biogas produced from digesters that use food waste, agricultural
product residues, or animal manure are much less than those produced by landfills or
digesters treating sludge. Previous studies showed that the maximum amount of siloxanes
expected to be found in biogas produced from landfills is from 4 to 9 ppm, while this
percentage exceeds 41 ppm in biogas from digesters treating sludge [27,53].

As mentioned above, the siloxanes present in raw biogas are problematic impurities.
As this affects the biogas performance as an energy source, it also affects the equipment
used during energy production. Whereas during the biogas combustion process, oxygen
reacts with the VMS under high temperature and pressure, the white SiO2 deposits are
formed in different morphological forms (white, glassy, crystal, microcrystalline, and
amorphous deposits) [62,63]. In some cases, these deposits are associated with other
components like calcium or sulfur [64]. These deposits can generate abrasive and thermal
insulating properties, that can cause damage to turbines, reduce engine life and efficiency,
and cause damage to their accessories such as valves, engine heads, and spark plugs.
Additionally, these deposits may cause explosions in the combustion chambers, poisoning
of catalysts, and may blocks pipes. For that, in raw biogas, the recommended siloxanes
limit is 0.2 mg m−3, and in some industries, the strict rule is <0.1 mg/m3 [42,57,59,65].

2.5. Nitrogen, Ammonia Nitrogen, and Oxygen

Nitrogen and oxygen are generally absent in the reactor because of anaerobic condi-
tions. If nitrogen is detected in raw biogas, it is a strong sign of denitrification or air leakage
in the reactor. Additionally, among the existing causes of nitrogen compounds in biogas,
the main cause is the release of nitrogen compounds after the bacterial reduction of proteins
in the reducing medium which are subsequently transformed into ammonia [20,49]. Biogas
produced from organic or agricultural waste digesters generally contains a low nitrogen
proportion (usually 0.1%) compared to that produced from landfills (mostly from 5% to
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15%) [66]. On the contrary, aqueous ammonia could be used for biogas purification and
upgrading by absorbing H2S and CO2 [67]. A recent study demonstrates a significant
positive effect of ammonia nitrogen on biogas upgrading. With 5500 mg/L of ammonia
nitrogen, the CH4 content in biogas reached 94.1% [68].

A small amount of oxygen is found in raw biogas produced from anaerobic digestion,
because oxygen will react with H2S or be consumed by facultative anaerobic bacteria
at the start of the anaerobic digestion process, and oxygen itself will not be detected.
Similarly, landfill gas extraction leads to low internal pressure, which causes some air
absorption [20,42,69]. The oxygen could cause an explosion if the CH4 content is 60% in
biogas and the air reaches a range between 8.5% and 20.7% at 25 ◦C [42]. Additionally,
oxygen can lead to flammable mixture formation [20]. Therefore, the ratio of air should be
carefully adjusted. An oxygen amount of 1% to 2% is cited as ideal [70]. Likewise, a 4:1
nitrogen to oxygen ratio in raw biogas is mentioned as ideal [8].

2.6. Volatile Organic Compounds

Volatile organic compounds (VOCs) exist in trace amounts in biogas. They are divided
into different chemical families such as aromatics, alkanes, alcohols, halogens, sulfur com-
pounds (excluding hydrogen sulfide), carbonyls, and siloxanes [9,53]. These compounds’
type and concentrations in biogas depend on the substrate’s origin. For example, a very low
concentration of these compounds was recorded in farm digester biogas. On the contrary,
this concentration increased in the gases produced by wastewater, household waste, and
landfills [71]. Materials that produce these components include cleaning compounds, cos-
metic products, silicon compounds, lacquers, foaming agents, pharmaceuticals, aggregates,
adhesives, solvents, pesticides, synthetic plastics, propellants, textiles, coatings, etc. [66,72].
The concentration increase of these compounds in biogas is attributed to direct emission
from the substrate or to the volatilization after the compounds’ degradation (complex
molecules) and their transformation into low molecular mass. Consequently, the VOCs
measured in biogas at the start of digestion come essentially from direct volatilization,
while the concentration of those measured after a certain duration of digestion in biogas
are dictated by the substrate biodegradation rate [9].

Despite their low concentration in raw biogas (usually 1% by volume), just like
hydrogen sulfide, VOCs lead to equipment problems and negative environmental effects
such as greenhouse gases, groundwater contaminants, and disagreeable odor, and they
can affect human health [9,73]. For example, acids can be formed during halogenated
hydrocarbons combustion (in the presence of water) such as hydrofluoric acid (HF) or
hydrochloric acid (HCl) which can cause acidification, premature equipment degradation,
and corrosion of materials and catalytic surfaces [20,72]. Similarly, organochloride in
biogas can lead to combustion-engine corrosion, and silicon and chloride compounds
make landfill gas as vehicle fuel much more expensive and often too complicated [52,66].
Generally, VOC accumulation affects the proper functioning of systems for converting
biogas into energy; for this reason, their contents in biogas must be carefully controlled.

2.7. Particulates

Several researchers have reported the presence of particulates (dust) in raw biogas
produced from digestion or landfills. This can lead to mechanical damage to gas turbines
and gas engines due to their abrasive properties, or cause blockages when they deposit
in the gas storage tank and compressor. They can also form condensation nuclei of water
droplets [6,20,45,74,75]. For these reasons, the total content of particles and aerosols in the
biogas must be maintained under 0.01 mg/m3 [56,69].

3. Current Biogas Purification Technologies

In this section, the latest technologies for the improvement and upgrade of biogas
and the resulting biological methanation processes are summarized. This paper exam-
ines the main principles of various upgrade methods, the technical and scientific fea-
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tures/consequences for biomethanation efficiency, the challenges that need to be addressed
for further improvement, and the applicability of upgrade concepts.

As mentioned in the previous section, the ratio of CH4 and CO2 in the biogas is mostly
in the range of 50–70% and 30–50%, respectively, depending partly on the organic content
and pH of the substrate. [19]. In addition to CH4 and CO2 gases, biogas may contain N2
gas in the concentration range of 0–3% depending on the volume of the head space at
the start of gas production in the reactors [76]. The most important minor components
are carbon monoxide (CO), O2, hydrogen sulfide, H2, and NH3 [29]. Depending on the
substrate source in the reactors, biogas may contain other contaminants such as siloxanes
(0–41 mg Si/m 3), volatile hydrocarbons (alcohols, fatty acids, terpenes) or fluorinated
hydrocarbons, chlorinated, heavy metal vapors, and aromates [77].

All gases except CH4 contained in biogas are undesirable gases and are known as
biogas pollutants. For the biogas purification process, the first step is biogas cleaning and
the second step is biogas upgrading. Biogas cleaning is performed to remove harmful
or toxic components such as H2S, Si, CO, siloxanes, VOCs, and NH3 [19]. The second
step, biogas upgrading, aims to increase the calorific value of biogas and convert it to
a fuel standard. In addition, biogas upgrading is a multistage gas-separation process
that involves the separation of CO2 gas, drying the gas to remove moisture content, and
extracting and compressing other small components [77]. In order for biogas to be used
in different applications, its methane content must be at least 90% (v/v) [17]. Upgraded
biogas that has a 95% (v/v) methane content is called biomethane [78].

3.1. Carbon Dioxide Removal

Almost all of the noncombustible portion of biogas is CO2 gas, and this reduces the
calorific value per unit volume of biogas. This limits biogas for uses such as biofuel for
transportation, cooking, and lighting, etc., where direct combustion technology is needed.
CO2 creates disadvantages such as the extra space occupied in the biogas storage area
and the use of extra energy in the compression of the biogas. Dry ice is formed as a result
of the compression of biogas with CO2 and this creates the problems of lump formation
and freezing in valves or measurement points. This makes it difficult to store biogas in
containers for transportation and limits its use. For such reasons, the removal of CO2 in
biogas gains importance in terms of its use in larger scales [17].

Various commercial technologies are available to separate CO2 from biogas. The
higher solubility of CO2 in water than CH4 gas enables them to be separated from each
other by taking advantage of the difference in their solubility in water. At 25 ◦C, the
solubility of CO2 in water is 26 times higher than the water solubility of CH4. Biomethane
containing 95–99% (v/v) CH4 can be obtained as a result of the separation process in this
way [21]. Water scrubbing is one of the most common methods used for biogas cleaning [19].
Figure 1 shows a schematic of a process flow diagram of a recirculating water scrubber.
Biogas is sent to the absorption column by pressurizing from the bottom (6–10 bar) and
water is supplied from the top of the column at the same time. The absorption column
used is filled with random packaging material in order to work more effectively [21]. The
saturated water is transferred to the flash tank where the pressure is dropped to around
three bars to minimalize methane loss. The water leaves the flash tank and goes to the
desorption column. Air is taken into the desorption tank due to increasing the driving
force for CO2 desorption by decreasing its partial pressure. A 1000 Nm3/h raw biogas
water scrubber upgrading system needs to circulate 200 m3/h water at 8 bars of pressure
at 20 ◦C [79]. The benefit of the water scrubber is that H2S can be eliminated with the
removal of CO2 because the solubility of H2S in water is higher than CO2. If the H2S is
removed with CO2 at the same time, the water quality can decrease rapidly, therefore,
using fresh water is recommended. The upgrading system has some advantages such as
being economical, having high efficiency, not requiring additional chemicals, and gaining a
high level of methane recovery above 97% [75]. However, the high initial investment and
high energy demand during water regeneration are the primary drawbacks of the system.
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Figure 1. The schematic flow chart of a recirculating water scrubber (adapted from [79]).

By choosing a washing liquid that is more effective than water in the separation of CO2
and CH4 in biogas, further improvement of absorption can be achieved. In this context, the
most commonly used chemicals are aqueous solutions of amines such as diethanolamine,
methyldiethanolamine, monoethanolamine, and diglycolamine [21]. Such biogas-boosting
methods are also called amine scrubbing. Figure 2 shows a schematic of biogas upgrading
by amine scrubbing of CO2. The raw biogas enters the absorption tank from the bottom,
and amine solvent enters through the top of the tank. During the counter-current flow, CO2
reacts with the amine solvent. During the reaction, the temperature increases from between
20–40 ◦C to between 45–65 ◦C due to an exothermic reaction [80]. Generally, an increase
in the temperature decreases the solubility of materials but the solubility of CO2 in amine
solvent increases with an increase in temperature [75]. After the reaction, the liquid goes
to the heat exchanger to increase its temperature and is boiled at 120–150 ◦C. This is the
regeneration step of amine solvent, as CO2 is released from the amine solution. Recovery of
CH4 is higher than 99% due to the sensitivity of the reaction with CO2 but methane loss may
increase up to 4% because of dissolution in amine [81]. While the system has high sensitivity
and low operational costs, the high initial investment and significant energy demand for
regeneration of amine are some of its drawbacks [75]. By using these chemicals as solvents
in the liquid phase, an extremely low CH4 adsorption is provided and CH4 recovery is
achieved at a rate of approximately 99.95% [77]. In addition, the need for a lower operating
pressure in the absorption processes with these chemicals compared to all other biogas-
upgrading technologies makes these technologies advantageous. In many amine washing
plants, only one blower is used instead of a compressor, and this significantly reduces
the electrical energy requirement. However, a disadvantage of amine scrubbing is the
possible oxidative or thermal degradation of amine solutions. This increases the chemical
consumption, corrosion potential, and emission potential of hazardous decomposition
products [82].

Another method of separation of CO2 and CH4 is the adsorption of gas molecules to
a solid surface. The adsorbent solid surfaces used for this process are porous materials
with highly specific surface areas. The other name of this technique is pressure swing
adsorption (PSA). This technique enables the selective separation of biogas by using
different adsorption equilibria that adsorb larger amounts of CO2 or different adsorption
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kinetics that adsorb CH4 faster than CO2. The adsorbent materials used for this technique
are titanosilicates, zeolites, silica gels, activated carbon, and carbon molecular sieves [24,83].
In the adsorption process to the solid surface, the water vapour in the biogas must be
preseparated in order to prevent potential poisoning of the adsorbent material [29]. In
addition, the pressure of the biogas fed must be 10 bar in order to provide sufficient driving
force in this adsorption process. This method is able to adsorb N2 and O2 simultaneously
with CO2. The technology is well developed and commercially available in the market
with various range capacities between 10 and 10,000 m3/h [75]. The flow chart is shown
in Figure 3. In this process, there are four vertical columns that are used for adsorption,
depressurization, desorption, and pressurization sequences. CH4 recovery can be around
98–99% as a result of solid surface adsorption processes. The biggest advantage of this
technology is that it enables N2, O2 and CO2 to be separated from raw biogas at the same
time [29]. However, it is a disadvantage that the active sites on the adsorbent material used
in adsorption separation technologies are blocked by NH3 and H2S gases [58]. Additionally,
the process efficiency can be influenced by impurities of raw biogas. Additionally, 2–4% of
CH4 is lost during the process and reduction in this loss should recirculate the output of
gases into the PSA system [24].

 

Figure 2. The schematic flow chart of chemical amine scrubbing (adapted from [24]).

Electrical swing adsorption (ESA) [84] and temperature swing adsorption (TSA) [85]
are other swing adsorption methods. Temperature increases at constant pressure in the
TSA process; therefore, thermal energy is required for the regeneration of the adsorbent
material [86]. In an ESA process, the current passes through the saturated adsorbents for
regeneration, so that CO2 is released from adsorbents as a result of heat generation by the
Joule-heating phenomena. Even though the operating cost of ESA is lower than TSA and
PSA, conductive adsorbent is needed. Activated carbon is a promising adsorbent due to its
semiconductor properties with large surface area and porous structure [87].

246



Sustainability 2021, 13, 11515

 

Figure 3. The schematic flow chart of pressure swing adsorption (PSA) (adapted from [24]).

Another biogas-upgrading technique is membrane-based gas permeability, and this
technology has gained increasing importance in recent years [88]. This technique is based
on different solubilities of gas types in particular membrane materials [89]. Figure 4 shows
a schematic of process design for a membrane upgrading process. Biogas is fed into the
membrane module at pressures of 5–30 bar [90]. Gas types with higher permeability in
biogas preferably pass the membrane to the low-pressure permeable side, while gas types
with lower permeability accumulate on the high-pressure side and leave the membrane
module as a retentate. One of the challenges at membrane systems is energy demand to
maintain pressure for separation, further studies should be conducted to reduce pressure
demand. The most commonly used membrane materials in this technique are polysulphone,
polyimide, and cellulose acetate [88]. It is a cheap membrane because of its cellulose-based
material with good CO2–CH4 sensitivity. However, a cellulose acetate (CA) membrane has
low plasticization pressure around 8 bars because CO2 can be dissolved in the matrix of
the membrane due to its OH−-rich structure [91]. The membrane separation technique
provides up to 99.5% CH4 recovery and provides biomethane quality containing at least
99% CH4, especially when membrane modules are used sequentially [92]. As a result,
polymeric material-based membranes are heavily used in raw biogas separation. This
method is advantageous in terms of its robustness, ease of use, lack of need for chemicals,
flexibility of scaling up, low operating costs, low initial investment costs, low energy
demand, and compact design [58]. Moreover, it should be considered that while CH4 is
separated from biogas by membrane systems, another valuable and biologically produced
product, CO2, is also separated from biogas for further usage. The main challenge is the
relationship between permeability and selectivity. Therefore, a low permeable membrane
is used together with a low selectivity one [75].

Inorganic membranes have excellent thermal stability, mechanical strength, and resis-
tance against chemicals compared to organic membranes. The membranes are made from
different materials such as zeolite, silica, activated carbon, metal-organic framework, and
carbon nanotubes [75]. The most difficult part is to produce a defect-free structure for an
inorganic membrane because the fabrication process requires continuous monitoring and a
small mistake can create a defect due to their very fragile structure [93]. The defects in the
structure are closely related to the sensitivity of membranes.

Considering that biogas components liquefy or sublimate at different temperatures,
they can be used to remove impurities from biogas by the cryogenic separation method.
Cryogenic separation is a technique that relies on the liquefaction of gases under different
temperatures and pressures. Biogas is cooled down to −55 ◦C, and moisture, NH3, and
H2S are removed and CO2 is separated as a liquid in the last step [21]. CO2 can be removed
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in solid form through sublimation when the temperature is decreased at −85 ◦C. With
this technique, the CH4 content of the gas phase at equilibrium is higher than 97% (v/v).
Since cooling for purification is synergistic with cooling for liquefaction, this technique
is particularly valuable in the case of producing liquefied biomethane. The process is
run at a temperature of −170 ◦C and under a pressure of 80 bars, which requires several
compressors and heat exchangers [75]. In addition, other gasses such as N2, O2 and
siloxanes in raw biogas can be separated. After this process, the final product is liquid
biomethane which is free of N2 and O2 and is equivalent to liquid natural gas. The
cryogenic separation method can produce not only over 97% pure biomethane in liquid
form, but also the marketable liquid form of CO2 [76,94]. The schematic flow chart of the
cryogenic separation of biogas is shown in Figure 5.

 

Figure 4. The schematic flow chart of a membrane separation process (adapted from [79]).

 

Figure 5. The schematic flow chart of the cryogenic separation of biogas (adapted from [24]).
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Although the cryogenic separation method has promising results, it is still in develop-
ment and operates on a commercial scale for only a few facilities. High investment and
operating costs, and CH4 losses and blockage due to solid CO2 are a few of the problems
that limit the use of this technique [19].

3.2. Biological Techniques for CO2 Removal

Biological upgrade techniques can be classified as photosynthetic and chemoau-
totrophic. Most of these techniques have proven themselves in the experimental stage for
being the early stage of full-scale applications. These technologies contribute to sustainable
cyclic energy recovery by converting CO2 into other energy-containing products (i.e., CH4,
H2, etc.). CO2 in biogas is converted to CH4 using H2, according to the chemoautotrophic
upgrade method (Reaction (1)).

4H2 + CO2 → CH4 + H2O ΔG0 = −130.7 KJ/mol (1)

H2 gas should be obtained from renewable energy sources. For this, water is hy-
drolyzed and the remaining electrical energy can be provided by windmills or solar panels
for this hydrolysis [95]. With the electrolysis of water made using this energy, water is
divided into O2 and H2. However, the low volumetric energy density is a disadvantage
that makes it difficult to store the H2 gas produced by this method [95]. The low initial
investment costs are due to the fact that CH4 has an energy of 36 MJ/m3, H2 has an energy
greater than 10.88 MJ/m3, and the existing possibilities of the biogas plant are used in the
improvement processes which make this technology advantageous [96].

H2 gas-assisted biogas upgrade methods exist in three different forms: ex situ, in situ,
and hybrid design techniques (Figure 6).

In the in situ concept, H2, externally added to anaerobic digester is converted to CH4
by combining with CO2 in the digester and by the action of autochthonous methanogenic
archaea [97]. The biggest disadvantage of this technology is that it reduces the activity of
the methanogenesis stage by increasing the pH value to above 8.5 in the biogas process.
CO2 gas is decomposed into H+ and HCO3

− as shown in Reaction (2). Thus, the use of
CO2 causes a reduction in H+ gas and causes an increase in the pH of the environment.

H2O + CO2 → H+ + HCO−
3 (2)

In order to overcome this difficulty, it has been proposed that codigestion with acidic
wastes can stop the pH increase [98]. Luo and Angelida [98] used hollow fiber membranes
to inject H2 into an anaerobic reactor that processes cattle manure and whey in a contin-
uously fed reactor and obtained methane gas containing 96% CH4. In another study, a
hollow fiber membrane in an upflow anaerobic sludge blanket reactor was placed in an
external degassing unit, and biomethane containing 94% CH4 was obtained from the in
situ biogas upgrade process [99].

The ex situ biogas upgrade method is the process of transforming products into CH4
by supplying H2 and CO2 externally to a secondary vessel containing hydrogenotrophic
culture outside the main anaerobic digester, as shown in Figure 6 [97]. This method
has some advantages over in situ methods. These advantages include the benefit of the
secondary vessel which makes the biochemical process simpler due to the absence of
organic substrate degradation and makes the process independent of biomass. With this
method, biomethane efficiency can be between 79–98%. This yield may vary according
to digester types. For example, 98–99% purity biomethane can be obtained due to the
formation of a biofilm of a mixed anaerobic consortium, which acts as a good biocatalyst of
a trickle bed reactor [100]. As a result, ex situ and in situ processes have taken their place
among the hydrogen gas-assisted biogas upgrade techniques in the literature with their
experimental results, but the hybrid design technique is currently in the developmental
stage and the results of this technology will soon begin to emerge.
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Figure 6. Hybrid, in situ, and ex situ biological upgrading technologies (adapted from [19]).

Another alternative method of CO2 separation is the photosynthetic biogas uptake
technique. In addition to CO2, H2S is also removed with this method and >54% CO2
is removed. The biomethane production efficiency of photoautotrophic techniques can
increase up to 97%, depending on the digester type and substrate. Closed systems are
advantageous due to their low land and water requirements and high photosynthetic per-
formance. However, open photobioreactors differ from closed systems in that they require
fewer resources for construction and processing, have low photosynthetic CO2 removal,
and have high natural-resource requirements. In the biogas-upgrading process, biogas is
directly injected into photobioreactors, and then photoautotrophic microorganisms can
efficiently take up O2 and CO2 to generate heat. Thus, up to 2–6% CO2 can be found in the
upgraded biogas and the CH4 ratio increases [101].

Various microalgae or cyanobacteria with high photosynthetic activity have been
used to raise biogas quality. The most common of these are Spirulina, Chlorella, and
Arthrospira [76]. Using microalgae to reduce the CO2 component in raw biogas has taken
place successfully and achieved up to 97.07% of CO2 removal [102]. Another approach
is indirectly upgrading biogas with microalgae as claimed by Chi et al. [103], which is a
novel technique and was suggested as a two-step process to upgrade biogas while avoiding
the risk of explosion. In the first step, biogas was passed through a carbonate solution to
capture CO2 as a bicarbonate form. The second step is the regeneration of the carbonate
solution. Figure 7 demonstrates direct and indirect biogas upgrading with microalgae.

3.3. Removal of Hydrogen Sulfide

H2S is another common component of raw biogas. Its quantity is between 100 and
10,000 ppm and the variation depends on the substrate combination [24]. If the substrate
is rich in protein content, H2S production will be high. Due to its negative effects such as
causing the corrosion of pipes, pumps, and engines, it has to be cleaned before upgrading
to biomethane or any other use of biogas. H2S can be transformed into SO2 and sulphuric
acid (H2SO4) which increase environmental concerns and corrosion risk.
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Figure 7. The schematic flow chart of (a) direct and (b) indirect upgrading biogas using microalgae
(adapted from [104]).

The simplest desulphurisation methods are accomplished by introducing pure oxygen
or air into the gas phase or adding iron hydroxides or chlorides to the liquid phase [21]. The
addition of iron hydroxides or chlorides to the liquid phase causes ferrous sulfide formation
and precipitation and can significantly reduce the concentration of H2S in the gas phase.
O2 added to the gas phase is consumed by Thiobacillus bacteria along with the oxidation
of H2S to elemental sulphur deposited on surfaces or absorbed by the slurry [105]. These
techniques create minimum additional operating and investment costs but can provide
removal of 80–99% H2S concentrations. However, it is known to be less efficient in obtaining
stable and low sulphur contents required for biomethane production. The disadvantages
of the method are that oxygen can affect the anaerobic digestion process negatively if too
much air is injected. Additionally, the remaining nitrogen could be a problem for future
processes. For example, it is difficult to upgrade by separating nitrogen and methane [106].
Application to filter reactors is commonly used on the output of the biogas pipe. With this
method, combinations of H2S in raw biogas can achieve a range of 50–100 ppm [107].

The oldest technique used in the removal of H2S from biogas is scrubbing with chemi-
cally active liquids. The most used scrubbing chemicals are sodium hydroxide (NaOH),
calcium hydroxide (Ca(OH)2), iron (II) chloride, iron (III) hydroxide, ethylenediaminete-
traacetic acid, and monoethanolamine [108–110]. Ca(OH)2 and NaOH allow for the forma-
tion of sulphurous salts. It has been reported that with these techniques, 90–100% cleansing
is normally achieved. The biggest disadvantages of chemical upgrading techniques are the
necessity and high costs of using chemicals [108]. In this method, Fe3+/EDTA catalyst is
used where the reaction product is elemental sulphur. During the reaction, Fe3+ is reduced
to Fe2+ as shown in Reaction (3). The regeneration process is represented in Reactions (4)
and (5) [24]. During the H2S cleaning process, a small amount of Fe3+/EDTA solution is
used for the regeneration step. H2S removal of 90-100% is achieved when raw biogas and
solution flow rates are 1 dm3/min and 83.6 cm3/min, respectively [21].

2S2− + 2F3+ → S + 2Fe2+ (3)

O2 + 2H2O → O2 (4)

0.5O2 + 2Fe2+ → 2Fe3+ + 2OH− (5)
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H2S can be separated from biogas by adsorption in hydroxides or metal oxides, and
the most commonly used chemicals are iron, zinc and copper oxides [21]. At the end of
this process, sulphur binds as metal sulphur and is released into the gas thanks to a mild
endothermic reaction.

The membrane separation technique can also be applied to separate H2S from bio-
gas [111]. However, it should be noted that the efficiency of H2S removal will be limited
when glassy polymeric material is used only for bulk CO2 removal. High CH4/H2S sepa-
ration can be achieved by selecting a special, rubbery, polymeric membrane material. This
technique is very attractive for biogas with H2S content higher than 2% [112].

High-pressure water washing (HPWS) is a biogas-boosting technology that is fre-
quently used industrially [113]. Water is used for single-pass absorption; however, without
a regeneration step, the process has high water consumption [24]. Therefore, it prefers a
small absorption tank volume. This method is more efficient for smaller concentrations of
H2S or combinations of CO2 removal. As shown in Figure 8, the adsorption process occurs
in a high pressure (6–10 bar) column in which the biogas is washed with an HPWS and
biomethane exiting the top of the column is obtained. A disadvantage of this technique is
that it is affected by higher water consumption than other adsorbing techniques [114].

 

Figure 8. The schematic flow chart of water scrubbing of H2S (adopted from [24]).

H2S removal from biogas can be achieved using adsorption to activated carbons
impregnated with potassium iodide or H2SO4 or not impregnated (untreated) [24]. For this,
4–6% O2 must be added to the biogas to reduce H2S to elemental sulphur (Reaction 6) [21].

2H2S + O2 → 2S + 2H2O (6)

The temperature required for this reaction to occur is 50–70 ◦C and the required
pressure is 7–8 bar. As seen in Figure 9, the elemental sulphur obtained is adsorbed by
activated carbon. To improve the reaction rate, adsorption is done by impregnating the
activated carbon with an oxide or alkali such as sodium potassium iodine, potassium
hydroxide and potassium permanganate. This process can increase the H2S removal from
10–20 kg H2S/m3 to 120–140 kg H2S/m3 [115].

While this technology has advantages such as high H2S cleaning efficiency and high
purity, it has disadvantages such as the need for replacing activated carbon instead of
regeneration when the solid is saturated with sulphur, increasing environmental concerns
about proper disposal methods (such as creating waste oxygen), and removing dust and
water prior to activated carbon treatment [76].
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Figure 9. PSA technique flow chart for H2S removal (adapted from [24]).

3.4. Biological Techniques for Removal of H2S

Biological oxidation can be performed ex situ in a distinct apparatus with packed bed
scrubbers or trickling beds [21]. H2S is absorbed in a liquid film and bio-oxidized to sulfur
or sulfate. Washing liquid is drained and replaced if the pH falls below the threshold level.
O2 should be dosed as pure air or as pure O2 (Reactions 7 and 8). Although the separation
performance of this technique is effective, the fact that H2S levels of less than 100 ppm
cannot be reached continuously for the remaining O2 content prevents the continuous
application of this technique in biomethane production [109].

H2S + 0.5O2 → S + H2O (7)

H2S + 2O2 → SO2−
4 + 2H+ (8)

In addition to this technique, it has been reported in the literature that NO3 can be used
as an electron acceptor instead of O2 for H2S oxidation in the biofiltration unit (Reactions 9
and 10) [116].

3H2S + NO−
3 → 3S + 0.5N2 + 3H2O (9)

3H2S + 4NO−
3 → 3SO2−

4 + 2N2 + 6H+ (10)

The sulphur-oxidizing microorganisms used here belong to the Thiomonas, Thiobacillus,
Acidithiobacillus, Paracoccus, Halothiobacillus or Sulfurimonas genera [117]. This technique
has been mainly applied in a biotrickling filter due to its low cost and nutrient requirement.

With this technology, the H2S concentration can be reduced from 3000–5000 ppm to
50–100 ppm, and at the same time, NH3 is removed. In the biotic filter, HD-QPAC, pall
rings or polyurethane foam are used as filled bed column materials for H2S removal [24,76].

3.5. Removal of Other Compounds
3.5.1. Removal of Siloxanes

SiO2 deposits in the spark plug, cylinder head, and combustion chamber which
can cause damage to the engine. Maximum siloxane concentrations in biogas should be
between 0.03 and 28 mg/m3 according to engine manufactures [21]. A study showed that
while most siloxanes can be eliminated with long carbon-chain organic solvents, they can
be completely removed with chemical absorption [118]. Removal of 95% of the siloxane
concentration at 60 ◦C was achieved using a combination of sulphuric acid and nitric acid
at 480 and 650 L/m3, respectively [118]. In addition, selexol can be used to remove at least
98% of siloxane in biogas plants [119].
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Using silica gel is another method and experimental reports show that its removal
capacity is higher than activated carbon; however, using silica gel may only be effective in
large-scale uses [21].

The activated carbon adsorption method can be used for siloxane removal from
biogas. The siloxane adsorption efficiency of this method depends on the adsorption capac-
ity, physicochemical properties, and microporous volumes of the activated carbon [120].
Schweigkofler and Niessner [118] have reported on using different types of adsorbents such
as activated carbon, polymer beads, silica gel, and molecular sieves for siloxane removal,
and found that they exhibit good adsorption capacity. The cryogenic separation method is
another advantageous technology. With the cryogenic separation method, siloxane concen-
trations can be removed from raw biogas at 12%, 25.9%, 90%, and 99.3% at temperatures of
5 ◦C, −25 ◦C, −30 ◦C, and −70 ◦C, respectively. The initial investment and operating costs
of any technique involving cryogenation are higher than other adsorption methods such as
activated carbon [121].

The membrane separation technique can alternatively be used to remove siloxanes
from biogas. For this purpose, membranes with high methane/siloxane content can
be used [122]. Although membrane separation techniques are very well established for
mostly CO2 removal from biogas in industrial applications, there are only a few published
results applying the membrane technique for more than 80% siloxane removal. Recently,
a new method has been developed to remove siloxanes using a cryogenic temperature
condensation system by Piechota [62]. In the study, the temperature of the system ranged
between +40 to −50 °C with different biogas flow rates, and 99.87% of siloxane removal was
achieved; moreover, the obtained biogas met biomethane requirements from the European
Union [62]. The same author has published another method for the removal of siloxanes
and the improvement of biogas quality [123]. A specially designed adsorptive packed
column system was developed, and the remarkable results obtained show that siloxanes
were removed entirely and nonsilica impurities were eliminated by 99.76% in comparison
to the intake biogas [123].

3.5.2. Removal of Water

Biogas is mostly saturated with water vapour after leaving the digesters operating
at mesophilic temperatures. Water in the form of vapour in biogas can condense in gas
pipelines or cause corrosion with sulphur compounds. Raw biogas, which has 5% water at
35 ◦C as saturated water vapour, can be removed by changing the pressure and temperature.
When the pressure is increased or the temperature is decreased, water vapour will condense
as a physical separation method. Additionally, absorption and adsorption methods can
be applied to remove the water as a chemical drying method. Adsorption separation
techniques include activated charcoal, molecular sieves, or silica. Other impurities such as
siloxanes and particles can dissolve in water [106]. When removing water vapour in raw
biogas, these impurities will be simultaneously removed.

Physical separation methods can be divided into three main groups which are namely
cyclone separators which use centrifugal force for separation of water droplets, moisture
traps which use a pressure differential to create a low temperature and condense water, and
water traps which use a design of pipes to collect water [24,76,107]. These methods have a
chronic operating problem where water freezes on the surface of a heat exchanger [76]. The
dew point of biogas can be decreased to −40 ◦C using water adsorption under 6–10 bar
pressure in the columns. Silica, alumina, magnesium oxide, or activated carbon is placed
inside the pressurized columns. For continuous operation, two columns are needed. When
one of them runs until saturation, the other regenerates at low pressure simultaneously. A
benefit is that this system has a low operating cost. However, high initial investment costs
and the required precleaning of dust and oil particles are drawbacks of the system [76].
When using the water absorption method with glycols, the biogas dew point can be
decreased to −15 ◦C. One of the benefits of this system is that precleaning of dust and oil
particles is not necessary. However, the solvent regenerates at 200 ◦C which causes high
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operating costs. Ryckebosch et al. [21] reported that the biogas flow rate should be at least
500 m3/h for the economic benefits of the glycol-based system.

3.5.3. Removal of Ammonia

Ammonia is another common impurity. If the substrate contains proteins, ammonia is
produced during hydrolysis. NH3 is removed during the recovery or primary drying of
the biogas and during the adsorption process.

Guo et al. [124] designed a packed bed N-TRAP system impregnated with H2SO4
for NH3 removal from biogas. The adsorbent in the N-TRAP system was prepared with
waste wood-shaving sand and anaerobic digestion biowaste which had a higher adsorption
capacity than activated carbon when under the same conditions. In addition, this system is
advantageous in that it can be applied in the presence of water, unlike activated carbon,
and the adsorbent saturated with NH3 can be used as fertilizer.

Co-removal processes involving biological techniques for the removal of H2S and NH3
as a mixture have also been reported. Jiang et al. [125] suggested a horizontal biotrickling
filter packed with exhausted activated carbon for the co-removal of H2S and NH3 from
biogas. The biofilter used was inoculated with nitrifying bacteria that oxidize sulphur. The
removal efficiency for H2S was 95% for a 20–100 ppm operating range and 8 s gas residence
time. For gas residence time longer than 4 s, NH3 removal efficiency reached 98%. However,
NH3 degradation resulting from high H2S concentration has been observed [126]. These
effects may be due to the accumulation of ammonium sulfate ((NH4)SO4) in the system.

Alternatively, NH3 can be extracted from the biogas along with other unwanted
components. For example, as mentioned in the previous sections, sulphur compounds
and halogenated compounds in biogas can be removed in addition to ammonia by using a
water-scrubbing method [75]. In addition, NH3 and water vapour can also be removed
together using a PSA system.

3.5.4. Removal of Oxygen and Nitrogen

N2 and O2 are generally absent in the reactor because of anaerobic conditions. If N2
is detected in raw biogas, it is a strong sign of air leakage in the reactor because O2 will
react with H2S and oxygen itself will not be detected. Its presence in biogas is undesirable
due to the diluent effect that may cause a decrease in methane content. O2 can be tolerated
up to some amount in biogas, but high amounts are undesirable as the risk of biogas
explosion increases.

O2 and N2 can be removed from biogas by the adsorption method using a molecular
sieve or activated carbon. PSA or membranes used for sulphur and CO2 removal can
remove some of the O2 and N2. As a result, both components are difficult and expensive
to extract from biogas [109]. Therefore, it is necessary to develop and apply new biogas-
boosting technologies to remove N2 and O2.

3.5.5. Comparison of Different Technologies to Upgrade Biogas

The most common upgrade technologies today are PSA, amine wash, and water scrub-
bing. PSA can actually be improved with newer and better-performing adsorbents [79].
Organic solvent washing is a highly effective upgrade technique, but there is no clear
trend for this technology to increase or decrease within the biogas upgrade market. The
development of this technology mostly depends on studies such as the optimization of
pressure and temperature adsorption amounts. Additionally, organic solvent washing
technology requires annual compensation of solvent lost to the atmosphere, which will
increase the cost [79].

New process cycles are being developed to optimize methane yields, removal of
unwanted gases from biogas, and energy demand [89]. The least-mature technology
among these is membrane separation technology, but it has recently begun to develop
rapidly in industrial applications [19]. The membrane separation technologies are attractive
in terms of lower investment and operating costs compared to other techniques. Membrane
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separation technologies have proven to be suitable to replace other upgrading technologies.
Polymeric membranes used in membrane separation technologies are preferred because
of their low cost and flexibility [127]. However, the high cost of this technique and the
impermeability of membranes to foreign matter limit the use of this technique. It was also
stated that the membrane separation technique is relatively more expensive than the PSA
technique [128].

If biogas-upgrading technologies are evaluated in terms of biomethane purity, the
most important parameter is to remove CO2. Many upgrade technologies can obtain
biomethane with 97% methane content, but high energy demand and increased costs occur
for biomethane higher than 97%. For example, in the case of substantial N2 in biogas, a
complex adsorbent bed configuration can be used to remove this gas. This will result in
both little refinement and a relatively high cost.

Table 4 compares the effects of different biogas uptake techniques in terms of methane
recovery, biomethane purity, and electrical energy demands. Among the biogas-boosting
techniques, the amine-scrubbing method appears to have relatively less electricity con-
sumption, CH4 losses, and purer biomethane compared to other methods. However, amine
scrubbers may need antifoaming agents. Additionally, since the amine washing technique
is chemical adsorption, it should not be forgotten that the efficiency and effects of this
technique will vary depending on the chemical used.

Table 4. Comparison of the effects of some biogas-upgrading technologies.

Biogas Upgrading Methods
CH4 Losses
(% v/v CH4)

Biomethane Purity
(% v/v CH4)

Electrical Energy
Consumption (kWh/Nm3)

Refs.

Water
Scrubbing

1 97 0.20–0.30 [129]

- >97 - [130]

<2 80–99 - [29]

<2 95–98 0.2–0.5 [131]

<2 96–98 0.25–0.3 [19]

2 95–97 0.25 [12]

1 96.5 0.26–0.27 [114]

0.5–2 96 0.25–0.30 [132]

1–2 96–98 0.20–0.32 [29]

1 96–98 0.20–0.30 [133]

1-3 95–98 0.20–0.50 [17]

Pressure swing
adsorption

4 96–98 0.23–0.30 [19]

1–5 90–98.5 0.20–0.25 [134]

2 98 0.21–0.46 [78]

4 95–99 0.24 [75]

1–3 96 0.20–0.25 [129]

2 96 0.18 [114]

4 95–99 - [130]

<3 >96–98 0.16–0.43 [131]

2–4 95–99 0.25 [12]

1–3.5 96–98 0.16–0.43 [17]

2 96 0.22 [114]

256



Sustainability 2021, 13, 11515

Table 4. Cont.

Biogas Upgrading Methods
CH4 Losses
(% v/v CH4)

Biomethane Purity
(% v/v CH4)

Electrical Energy
Consumption (kWh/Nm3)

Refs.

Membrane
separation

4 96 0.19–0.77 [94]

- >96 - [130]

0.6 96–98 0.18–0.20 [19]

<5 90–99 0.18–0.35 [131]

0.5 98 0.20–0.30 [79]

0.5 98 0.20–0.30 [133]

1 97 0.30 [114]

0.3–0.5 95 0.25 [129]

0.8 99.5 0.26 [135]

0.7 97.5 0.29 [136]

0.1 96–99 0.05–0.15 [19]

Amine
scrubbing

<1 >99.0 0.22 [130]

0.1 99.9 0.12–0.14 [79]

0.1 99 0.15 [129]

0.04–0.1 98 0.05–0.25 [17]

<0.5 98 0.05–0.18 [131]

0.1 99 0.12–0.14 [133]

0.1 99 0.12–0.14 [12]

0.1 99 0.05–0.25 [134]

Another parameter effective in comparing the upgrade techniques is the size of the
plant. For example, although the water-scrubbing technique in small plants is relatively
less costly compared to other techniques, it has shown a higher cost compared to the PSA
technique. Considering the external costs, the choice of upgrade technologies for each
system is not affected much by the other. Considering this situation, chemical adsorption
technology is preferred as it causes less CH4 loss compared to other techniques [114]. Water-
scrubbing and PSA techniques suffer from higher methane loss and lower biomethane
yield than other technologies. However, these techniques are quite suitable for small
installations [128].

Converting biogas to biomethane is a strategic goal in many countries. Nonbiological
(physicochemical) upgrade techniques have taken place in the literature with many applica-
tions and are at the level of high technology preparation. Biological techniques, on the other
hand, are quite new technologies compared to other techniques and are advantageous in
terms of feasibility and technological facilities. The development of biological upgrade
technologies will be rapid and advantageous as the identified challenges are overcome.

4. Utilization of Biogas

As a renewable energy resource, biogas has gained enormous attention and the use of
biogas is expected to increase considerably in the near future. According to estimations,
the utilization of biogas will be 29.5 GW globally in 2022 while it was only 14.5 GW in
2012 [137]. Biogas can be used in a raw or upgraded form with different applications
such as in a boiler to produce heat, combined heat and power (CHP) to produce heat and
power, fuel cells to produce electricity, production of chemicals, production of vehicle fuels,
and injection to the gas grid [26,138]. In the EU, electricity generated from biogas was
22 TW h/year in 2020 [139]. Moreover, the expectation is that it will reach 640 TW h/year,
a 30-fold increase [140]. After 2017, greenhouse gas emissions were reduced by 60% due to
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biogas utilization [75]. Additionally, the estimation of biogas utilization for vehicle fuel
shows that it may increase from 2% in 2017 to 27% in 2050 [75]. In the US, there were
283 manure-based biogas production plants in 2021 and Figure 10 represents the end-used
biogas utilization systems according to their technologies between 2000 and 2021 [141]. As
of 2017, there was a divergent increasing trend in numbers of pipeline and CNG biogas
projects in the US. This may be due to legal regulations in 2016 and the widespread use of
biogas as a fuel for agricultural purposes.

Figure 10. The end-used biogas utilization system according to their technologies in the US from
2000 to 2021 [141].

When producing electricity from biogas, different methods have different impacts on
emission rates due to their combustion processes. For example, gas engines produce low
emissions, while diesel engines which use ignition oil have high gas emissions in their
exhaust fumes. Electricity production in engines of less than 100 kW has lower efficiency
and a higher rate of exhaust gas emissions when compared with electricity production at
higher than 300 kW [142]. It is clearly implied in the literature that biogas utilization for
the production of electricity is much more environmentally friendly compared to electricity
generation from fossil fuels.

Biogas can also be used as a hybrid with other renewable energy sources to stabilize
energy systems such as alongside wind and solar [143]. Additionally, it has been utilized
for cooking and lighting purposes for a long time in developing countries. In this section,
the utilization of biogas and associated technologies will be reviewed. Biogas utilization
pathways are represented in Figure 11.

4.1. Boilers, Gas Engines and Gas Turbines

Boilers are the most common way to produce heat from biogas, and internal combus-
tion engines are the most commercialized process for power production from biogas at
biogas power plants. Boiler efficiencies are between 75 and 85% [144] for heat production
from biogas. Typical boilers can be made suitable for biogas utilization with small modifica-
tions such as gas-airflow rates. The advantage of these boilers is that they are able to burn
low-quality biogas [145]. Internal combustion engines, which are developed for natural gas,
can be used for biogas without any modification. The four-stroke engines’ capacities are
between a few kW and 10 MW and their lifetime is approximately 60,000 hours; however,
their electrical efficiency is low, between 35 and 40% [42]. Their efficiency and antiknock
properties are increased with a reduction in CO2 concentration in biogas [145]. The most
common system for the production of power and heat simultaneously is known as com-
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bined heat and power (CHP) plants. In the EU, half of the biogas plants have CHP units,
which are run with four-stroke engines, and half of these engines are diesel engines [42].
A modern CHP plant’s heat and power efficiency is 85–90% [145]; however, the electrical
efficiency is under 40% and only 2.4 kWh of electricity can be produced when 1 m3 biogas
is combusted [42]. In addition, gas turbines are used to produce electricity from biogas.
Various capacities of gas turbines are available in the market, from 500 kW to 250 MW, and
single-cycle gas turbine efficiencies are between 20–45% and their efficiency increases with
the size [145]. The distinguishing feature of a gas turbine is low NOx emissions, which are
less than 25 ppm when the cleaned biogas is used [42].

 

Figure 11. The schematic representation of biogas utilization pathways (adopted from [58]).

Using small-sized engines for the utilization of biogas is still problematic due to low
efficiency [146]. Currently, the homogeneous charge compression ignition (HCCI) method
has been heavily researched and has shown to be a promising technique. Saxane et al. [147]
and Reitx et al. [148] made comprehensive reviews about HCCI technology and compared
it with spark-ignited and diesel engines. HCCI uses low-temperature combustion which
produces low NOx emissions. A study tested the HCCI thermal efficiency and found it to be
around 50%, which is close to diesel engine performance when diesel and biogas mixtures
were used [149]. In fact, additional biogas in the fuel decreases thermal efficiency due to its
low calorific value. Bedoya et al.’s [150] experimental study clearly showed that HCCI is
a promising method to reach high thermal efficiencies of 44% and low NOx emissions of
0.11 g/kWh. Additionally, Blizman et al. [151] reported that NOx emissions were at the
same level for landfill gases with the HCCI method. Another method for using biogas is
flameless combustion. This method is able to increase biogas efficiency and also decreases
particles and NOx emissions. The study investigated biogas utilization using flameless
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combustion, and the results revealed that electrical efficiency was 53% and CHP efficiency
could reach 82% using exhausted gases for energy recovery with low NOx emissions which
was around 2% of the volume of exhausted gases [152].

Innovative methods for the utilization of biogas include dual-fuel engines, stirling
engines, and micro gas turbines. Dual-fuel engines use biogas by cofiring with very small
amounts of biodiesel, bioethanol, or diesel [153]. Stirling engines convert thermal energy
into mechanical energy; thus, they are theoretically perfect for producing electricity from
waste thermal energy. The initial investment cost is still very high and their electrical
efficiency is around 20% [154]. Micro gas turbines are compact, operate at high speed, are
low noise, and are vibration-free where gas turbines and their power range is between 25
and 500 kW. If the methane content in biogas is higher than 30%, the biogas can be used
with a micro gas turbine [145]. Their electrical efficiency is higher than 45% [143].

In the literature, biogas and diesel in the dual-fuel mode in combustion ignition
(CI) have been studied since 1980. Mathur et al. [155] used biogas as a biofuel in CI and
Prakash et al. [156] improved a mathematical equation to predict the ignition delay of
dual-fuel mode CI. Mustafi et al. [157] investigated dual-fuel mode CI with different CH4
and CO2 ratios of biogas and diesel. The results revealed that 70% of particulate matter
(PM) emissions and 37% of NOx emissions were reduced compared with diesel fuel when
the biogas contained 70% of CH4 [157]. Cacue et al. [158] investigated the effect of enriched
oxygen in the air and dual-fuel mode in CI. They reported that increased O2 concentration
in the air gave a positive impact on biogas and diesel dual-fuel mode for emission and
brake thermal efficiency (BTE) according to the control group. BTE increased by 28% when
the O2 concentration in the air reached 27% [158]. Another comprehensive study focused
on combustion characteristics and emissions in dual-fuel mode with different feeding ratios
of biogas [159]. They used diesel and four different biogas feeding rates of 0.3, 0.6, 0.9,
and 1.2 kg/h. The results represented that 14.8, 26.6, 36.9, and 43.9% of energy could be
met from biogas in dual-fuel mode at the full load when biogas flow rates were 0.3, 0.6,
0.9, and 1.2 kg/h, respectively. Moreover, with a 1.2 kg/h biogas feeding rate, the exhaust
temperature and NOx were decreased by 14.2 and 42.8%, respectively when compared with
control fuel at full load [159]. Another study was focused on the exergy analysis of biogas
and diesel fuel under the dual-fuel mode and the result revealed that exergy efficiency does
not drop as energy efficiency does when biogas was used as a primary fuel [160]. Recently,
Wang et al. [161] studied a reactivity-controlled compression ignition mode based on dual-
fuel combustion. In their report, the BTE could reach 40% in the optimal condition. Another
promising development has occurred in fuel in recent years. This development is known
as modified fuel, in which liquid fuels are mixed with nanoparticles. The nanoparticles act
as combustion catalysts, especially with CI engines [162]. Diesel or biodiesel have been
mixed with different nanoparticles, which are classified as metal, metal oxide, nanofluid,
and carbon nanotubes [163]. However, additive nanoparticles give several advantages
to fuels, and researchers have been generally focused on diesel and blending diesel and
biodiesel fuels. In the literature, there is a huge gap to be filled regarding other biofuel
resources such as modified fuels. Modified fuels can be used with biogas in dual-fuel
mode. To the authors’ best knowledge, only one group has been working on this topic.
Feroskhan et al. [164] investigated a dual-fuel CI engine with fueled biogas and modified
diesel. They modified diesel with 15, 25, and 35 ppm CeO2 as an additive material and
they used this fuel with different biogas feeding rates in dual-fuel CI [164]. In their first
study, modified diesel with 15 and 25 ppm CeO2 and 4 L/min biogas feeding rate showed
higher BTE than both diesel and modified diesel [165]. In their second study, they worked
on the optimization of CeO2 concentration in dual-fuel mode CI. Their results revealed that
biogas and modified fuel with 25 ppm CeO2 reduced all emissions and increased BTE [164].
Table 5 shows the current studies with their key results.
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Table 5. Biogas utilization in the compression ignition engine with dual-fuel mode.

Type of Fuel
CH4

(%)
Compression

Rate
Control

Fuel
NOx

(%)
HC
(%)

CO
(%)

Smoke
(%)

BTE
(%)

Refs.

Biogas-Biodiesel-
DEE 90.6 16.5–18.5 Biodiesel ↑7.6 ↓39.5 ↓42.2 ↓42.8 ↑7 [166]

Biodiesel-Biogas
Dual Fuel 73 17.5 Biodiesel ↑5.5 ↓18.2 ↓17.1 ↓2.1 ↑6.6 [167]

Simulated
Biogas-Biodiesel 30–40–50 19.5 Biodiesel ↓80 * ↑96 * ↑92 * - ↓32.6 [153]

Diesel, WCOME +
Biogas 71 17.5 Diesel ↑6.1–8.9 ↓14.8–

44.4
↑21.4–
29.8 ↑2.3–3.4 ↓9.7 [168]

55–85 ◦C Preheated
Biogas-Air Mixture 70 17.2

non-
preheated
mixture

↑11.73 ↑150–250
* ↑6–371 * - ↑51.4 [169]

Diesel-Purified
Biogas 70.4–93.8 17.2 Diesel - - ↓10–50 * - ↓10–15 * [170]

Diesel-Biogas-10-
20%H2

70 18 Diesel ↑6 ↓25 ↓30 - ↑32 [171]

Diesel-Biogas-H2 48-80 20

Direct and
indirect
injection
condition

↑150 ↓20 No
change ↑6 [172]

* was calculated from the paper data. ↑ was increase, ↓ was decrease.

Biogas can be easily used in spark ignition (SI) engines due to mixing with gasoline,
after which it can be fed into the cylinder, while dual-fuel mode has to be used for compres-
sion ignition with mixing air. A study reported that when the biogas was used with a spark
engine with a compression ratio of 10 and a BSFC increased by 66% while BTE, CO and
NOx, emissions were reduced by 12%, 40%, and 81.5%, respectively, compared to fueling
with gasoline [173]. Another study investigated the compression ratios of SI in the range of
6 to 9 [174]. The results revealed that the power obtained from the test engine fueled with
biogas was increased by 13.4% and BSFC was decreased by 18.18% when the compression
ratio was 8 [174]. A similar study reported the same finding for the compression ratio of SI.
When ethanol and biogas were used, HC, CO, and NOx emissions were decreased while
BTE was increased [175]. Table 6 represents the findings of the recent studies when biogas
was used as a fuel in an SI engine.

Table 6. Biogas utilization in the spark ignition engine.

Type of Fuel
CH4

(%)
Compression

Rate (CR)
Control

Fuel
NOx

(%)
HC
(%)

CO
(%)

BTE
(%)

Refs.

Gasoline+Biogas 55.6 10 Gasoline ↓81.5 ↑6.8 ↓40 ↓12 [173]

Simulated Biogas 60 12 100% CH4 ↓71.74 - - - [176]

Biogas-Ethanol 64.96 13.6 Ethanol ↓30 ↓60 ↓50 ↑20 [175]

Syngas-Biogas 4–65 12.9 Biogas ↓5 - - ↑3 [177]

Biogas 55.6 10–12 Biogas from 10 to
12 CR ↑10.17 ↑15.6 ↑0.01–0.258 ↑26.69–30.32 [178]

Biogas 55.6 10
Biogas from 33 to
47 ◦C A ignition

advance
↓88 ↓40 ↑50 * ↓13 * [179]

Gasoline–Biogas-LPG 55.6 8 Gasoline ↓50.09 ↓23 ↓15 ↓16.04 [180]

Different ratio of
Hydroxy and Biogas 70 8.5 Ratio of Hydroxy

and Biogas 1192 ppm - 0.74% 204 J/cycle [181]

* was calculated from the paper data. ↑ was increase, ↓ was decrease.
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4.2. Fuel Cells

One of the most efficient ways to generate electricity using biogas is through a fuel cell.
The method uses an electrochemical reaction where oxygen and hydrogen atoms react to
produce energy and water. The fuel cell has an anode and cathode that are separated from
each other with a nonconductive solid or liquid electrolyte. Fuel flows through the anode
and oxygen goes through the cathode. The ions, which are produced at the anode, are able
to pass through the electrolyte; however, the electrons pass through an external circuit and
generate electricity [145]. Fuel cells are a relatively new technology with high efficiency
and low emissions as reviewed by Alves et al. [182] and Bocci et al. [183]. Biogas utilization
with fuel cells requires fuel purification and a cleaning process depending on fuel cell
types. Therefore, biogas is more challenging than natural gas to use as a fuel. Additionally,
another drawback of the fuel cells is their relatively high operating temperature, which
depends on the type of fuel cell used. There are generally three different fuel cell types
which utilize biogas.

4.2.1. Solid Oxide Fuel Cells

Solid Oxide Fuel Cells (SOFCs) are made of solid oxide or ceramic materials. This
method has recently gained much attention. Ni-based material is generally used as an
anode without deterioration of the fuel cell because it is cheap [184]. However, the fuel cell
performance has a close relationship with impurities in biogas, especially H2S. Directly
feeding biogas to SOFC is a heavily studied subject both experimentally [184–189], and
with modeling [190,191]. Shiratori et al. [189] reported that Ni–ScSZ cermet was used as
an anode material at 1000 ◦C operating temperature, and they achieved a cell voltage
above 0.9V after cleaning the H2S in biogas. Moreover, they demonstrated that SOFC can
tolerate H2S impurity up to 1 ppm. Another study claimed that there is not any significant
degradation after H2S removal and the biogas can be used as a fuel for electricity generation
with SOFC [188]. To decrease impurities in biogas, air can be added into biogas with no
significant changes in the output voltage [143].

The system can work under either intermediate (600–800 ◦C) [184,187] or high
(800–1000 ◦C) [189] temperature conditions. The temperature is a significant parame-
ter for SOFC because electrochemical reactions are fast above 600 ◦C [46]. In addition, Ma
et al. [187] reported that biogas is more suitable than H2 due to carbon degradation.

SOFC-based power-plant efficiency was estimated to be 74% when the method of
partial oxidation reforming of the biogas was used [192]. Additionally, the efficiency can
reach 80.5% with a heat recovery system. SOFC thermoeconomic analysis showed that
pressurized SOFC can be more economical and can have a 25% lower electricity cost at
20 bars of pressure [193].

4.2.2. Proton Exchange Membrane Fuel Cells

Proton Exchange Membrane Fuel Cells (PEMFCs) run at a relatively low temperature
and pressure compared to SOFCs. Their temperature and pressure range is between 50 and
100 ◦C, and 1 and 2 bars, respectively [194]. This fuel cell requires clean, hydrogen-rich fuel;
therefore, it is not suitable for biogas utilization. Gual et al. [195] modeled biogas utilization
with PEMFC. According to their results, electrical efficiency was 40% and the whole system
efficiency reached 82% when the fuel cell was combined with CHP. Schmersahl et al. [194]
studied PEMPC experimentally. They claimed that its performance was lower with biogas
rather than natural gas. However, its efficiency was still higher than internal combustion
engines. Another study confirmed their result with their model [196]. This study calculated
that the electrical efficiency of PEMFC is around 40%.

4.2.3. Molten Carbonate Fuel Cells

Molten Carbonate Fuel Cells (MCFC) are made of porous nickel electrodes and molten
carbonate salt. This fuel cell has several advantages such as using different fuel sources,
high efficiency, and low environmental impacts. The operating temperature is 600–700 ◦C
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and CO can be used as a fuel; however, H2S has to be cleaned [197]. The first MCFC
plant was built in the US in 1996 and was running with natural gas. It produced 2 MW of
electricity with 43.6% efficiency [198].

Trogisch et al. [199] studied MCFC with different biogas sources and they achieved
50% electrical efficiency. Another study focused on the H2S toleration level of MCFC [200].
They suggested that sulphur-tolerant materials should be used in MCFC. Lanzini et al. [201]
reviewed SOFC and MCFC plants and the effects of biogas containing significant impurities.
All in all, MCFC needs further investigation to be commercialized.

4.3. Biomethane

Biomethane is almost equivalent to natural gas; therefore, it could be used for the
transportation sector and for direct injection to gas grids. As mentioned in the previous
section, raw biogas can be upgraded to biomethane by separating out CO2 and other
impurities. If raw biogas is upgraded to higher than ~95% CH4, it can be directly injected
into the gas grid and used as a vehicle fuel. In comparison to other countries, Sweden
has best-utilized biogas as vehicle fuel. They have more than 36,000 vehicles on the road
in 2011 that are running on biogas which can be refueled at 500 filling stations all over
the country [202,203]. Another efficient way to use biomethane is to directly inject it into
gas grids, because utilization of biogas at or near to production facilities is not feasible.
Biomethane can be transferred through a large energy-demanding area with gas grids.
Additionally, the separation of CO2 and CH4 can convert biogas into hydrogen-rich biogas
via synthesis technology from Fischer-Tropsch [58]. Additionally, CO2 can be transformed
into CH4, known as methanation through the Sabatier pathway [46]. Methanol production
is able to pressurize CO2 with hydrogen under 20 bars of pressure. In the literature,
hydrogen is obtained from water through electrolysis using renewable energy resources
such as wind or solar power for obtaining CH4-rich biogas [95,204].

4.4. Biosyngas and Biohydrogen

Biogas can be used for the production of biosyngas with a reforming process. Catalytic
reforming including partial oxidation reforming with a metal catalyst such as platinum (Pt),
palladium (Pd), nickel (Ni), cobalt (Co) and iron (Fe) has been studied [205,206]. Although
the catalytic reforming process is possible, biogas is not well suitable for this process
because of the poisoning of the catalysts and a significantly increased production price.
A gliding arc reactor was used to produce biosyngas. Tu et al.’s [207] experimental study
showed that CH4 and CO2 were reformed into 31% H2-rich gases, and they claimed that
a lower feeding gas flow allowed more hydrogen and carbon monoxide production and
less hydrocarbon production. In addition, a tri-reforming process was studied for biogas
utilization and their results showed high hydrogen yields, which were between 59.5% and
73.5% [208].

4.5. Biomethanol, Bioethanol and Higher Alcohols

Methanol can be used as a vehicle fuel. It can be converted to gasoline via a methanol-
to-gasoline process by catalytic conversion of syngas to methanol. Methanol has recently
been produced from biomass using a biomass gasification process. In 2012, 200,000 tons of
biomethanol was produced from biomass [209]. Biogas is also able to convert into methanol
through processes such as oxidation of methane, photocatalytic conversion, biological con-
version, and an indirect pathway, which reforms biogas and then methanol synthesis occurs.
Methanol production has been reviewed by Park et al. [210]. Partial oxidation of methane
is a well-established and the most widely used pathway to convert biogas to methanol.
The process requires high pressure, which is between 0.5–15 MPa, or high temperature,
which is between 700 and 750 ◦C, to reach high yield [58]. Hydroxyl radicals are used to
produce methanol with a photocatalytic conversion pathway. Hydroxyl radicals react to
CH4, and methyl radicals are produced. When these radicals and water molecules react,
methanol and hydrogen are produced as a final product [211]. With a biological pathway,

263



Sustainability 2021, 13, 11515

the bacteria use methane and ammonia to produce methanol [211]. Recently, Su et al. [212]
achieved 0.33 g/L of methanol production with a biological methanol production pathway
and a methanol conversion ratio of 0.47 mol methanol/mol methane.

Bioethanol and higher alcohols produced from biogas is a relatively new topic and has
gained attention due to its energy density and low carbon and particulate matter emissions.
Ethanol blend fuels have been used in the US; however, direct bioethanol and higher
alcohols produced from biogas are still under research and development. With the catalytic
approach patented by Exxon, CH4 is able to convert into ethanol and methanol directly [58].
For this method, Fe2(SO4)3 or Fe(ClO4)3 were used to produce ethanol and methanol
and different noble materials have been investigated for this method [58]. However, an
availability date is not contained in the literature.

Another method to produce ethanol and higher alcohols is a two-step approach. The
first one is to reform biogas to syngas, and the next step is to convert syngas into ethanol
and higher alcohols. The second step can take place in biological or catalytic conversion.
With biological conversion, bacteria use the acetyl-CoA path. The reaction depends on
the H2 to CH4 ratio. This method is a promising way to produce ethanol and higher
alcohols in an ambient environment with no potential metal poisoning [58]. The yield of
ethanol production from syngas was reported at 48 g/L [213]. With the catalytic conversion
method, the reaction is an alternative way to produce ethanol and higher alcohols. The
operating conditions require pressure and temperature of around 20 MPa and 300–400 ◦C,
respectively [58].

5. Conclusion and Future Trend of Biogas

Biogas production from anaerobic digestion processes has gained great attention
during the last two decades because of its many positive benefits, which include it being a
low energy-demand process, it generating relatively low sludge production for disposal,
and it being a form of renewable energy. Additionally, this process is key to make the
best use of wastes and to obtain energy. The production of biogas with a well-optimized
system is not the only difficulty, but upgrading the biogas quality is also necessary for
it to meet certain requirements so it can be used instead of fossil fuels. Cleaning and
upgrading technologies are currently being heavily studied. However, there is a lack of
information available such as for commercial-scale applications including economic and
environmental information. The cleaning and upgrading processes require high energy
use and the input of additional chemicals. According to the results of this survey, the
amine-scrubbing method appears to be more beneficial than other methods because of
lower methane losses, lower energy demand, and higher final methane content.

Additionally, the removal of CO2, which is the second main product of biogas, and the
removal of H2S, has been investigated with a novel approach using microalgae. Although
it has some issues that need to be overcome such as O2 concentration during upgrading, it
could be commonly used soon in commercial applications. However, biological methods
are relatively new compared to other techniques but appear to be advantageous in terms
of overall feasibility and advantages. The development of biological upgrade technologies
may occur quickly once the identified challenges are overcome.

Another promising upgrading method is the membrane technique, due to economic
and environmental concerns. In the literature, researchers have generally focused on
reducing methane losses; however, the membrane material compatibility and improvement
of resistance with different impurities in raw biogas should be be investigated in future
research. New membrane materials and theories are still under development and are being
tested in labs. The pilot systems should be applied and would fill the gap between lab-scale
and large-scale systems. Additionally, in situ production and upgrading reactor design
should be studied more to gain additional information and to be able to apply them to
large-scale systems.

Biogas can be used as an energy source in different kinds of applications such as heat,
vehicle fuels, gas-grid injection, biochemical production, and higher alcohols; however,
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the cleaning and upgrading process is necessary for methane purification. The maximum
energy could be obtained from biogas using a combined heat and power system. Moreover,
there is a notable finding for internal combustion engines when adding nanoparticles
which both reduces the harmful exhaust emissions and improves the engine performance
when the engine is fueled with biogas under dual-fuel mode. Researchers should focus on
this area to reveal the benefits and drawbacks.

Overall, biogas production and utilization are a great and promising pathway to
reduce mankind’s negative impacts on the environment and may reduce dependence on
fossil fuels. Policymakers have to think about the underutilized significant potential of
biogas production and increase their support for biogas utilization. With their support and
researchers’ efforts, biogas can be a significant solution towards a reduction in greenhouse
gas emissions, the production of renewable energy, and the management of waste disposal.
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Nomenclature

BTE Brake thermal efficiency HClO3 Chloric acid
CH4 Methane LNG Liquefied renewable natural gas
CHP Combined heat and power TSA Temperature swing adsorption
CI Combustion ignition H2SO4 Sulphuric acid
Cl2O Dichlorine monoxide PSA Pressure swing adsorption
CO2 Carbon dioxide Cl2 Chlorine
H2 Hydrogen EBA European biomass association
H2S Hydrogen sulfide HClO Hypochlorous acid
HCCI Homogeneous charge

compression ignition CA Cellulose acetate
HPWS High-pressure water washing ESA Electrical swing adsorption
N2 Nitrogen CNG Compressed renewable natural gas
N2O Nitrous oxide HF Hydrofluoric acid
NaNO3 Sodium nitrate HCl Hydrochloric acid
NO3

− Nitrate ions CO Carbon monoxide
O2 Oxygen SO2 Sulfur dioxide
PM Particulate matter NaOH Sodium hydroxide
SI Spark ignition PEMFCs Proton exchange membrane fuel cells
SOFCs Solid oxide fuel cells MCFCs Molten carbonate fuel cells
VFAs Volatile fatty acids WWTP Wastewater treatment plants
VOCs Volatile organic compounds VMS Volatile methyl siloxanes
VSC Volatile sulfur compounds VOCs Volatile organic compounds
Ca(OH)2 Calcium hydroxide
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172. Bui, V.G.; Bui, T.M.T.; Hoang, A.T.; Nižetić, S.; Nguyen Thi, T.X.; Vo, A.V. Hydrogen-Enriched Biogas Premixed Charge
Combustion and Emissions in Direct Injection and Indirect Injection Diesel Dual Fueled Engines: A Comparative Study. J. Energy
Resour. Technol. 2021, 143, 1–13. [CrossRef]

173. Hotta, S.K.; Sahoo, N.; Mohanty, K. Comparative assessment of a spark ignition engine fueled with gasoline and raw biogas.
Renew. Energy 2019, 134, 1307–1319. [CrossRef]

174. Sadiq Y, R.; Iyer, R.C. Experimental investigations on the influence of compression ratio and piston crown geometry on the
performance of biogas fuelled small spark ignition engine. Renew. Energy 2020, 146, 997–1009. [CrossRef]

175. da Costa, R.B.R.; Valle, R.M.; Hernández, J.J.; Malaquias, A.C.T.; Coronado, C.J.R.; Pujatti, F.J.P. Experimental investigation on
the potential of biogas/ethanol dual-fuel spark-ignition engine for power generation: Combustion, performance and pollutant
emission analysis. Appl. Energy 2020, 261, 114438. [CrossRef]

176. Kim, Y.; Kawahara, N.; Tsuboi, K.; Tomita, E. Combustion characteristics and NOX emissions of biogas fuels with various CO2
contents in a micro co-generation spark-ignition engine. Appl. Energy 2016, 182, 539–547. [CrossRef]

177. Kan, X.; Zhou, D.; Yang, W.; Zhai, X.; Wang, C.-H. An investigation on utilization of biogas and syngas produced from biomass
waste in premixed spark ignition engine. Appl. Energy 2018, 212, 210–222. [CrossRef]

271



Sustainability 2021, 13, 11515

178. Hotta, S.K.; Sahoo, N.; Mohanty, K.; Kulkarni, V. Ignition timing and compression ratio as effective means for the improvement in
the operating characteristics of a biogas fueled spark ignition engine. Renew. Energy 2020, 150, 854–867. [CrossRef]

179. Hotta, S.K.; Sahoo, N.; Mohanty, K. Ignition advancement study for optimized characteristics of a raw biogas operated spark
ignition engine. Int. J. Green Energy 2019, 16, 101–113. [CrossRef]

180. Simsek, S.; Uslu, S. Investigation of the impacts of gasoline, biogas and LPG fuels on engine performance and exhaust emissions
in different throttle positions on SI engine. Fuel 2020, 279, 118528. [CrossRef]

181. Bui, V.G.; Tran, V.N.; Hoang, A.T.; Bui, T.M.T.; Vo, A.V. A simulation study on a port-injection SI engine fueled with hydroxy-
enriched biogas. Energy Sources Part A Recovery Util. Environ. Eff. 2020, 1–17. [CrossRef]

182. Alves, H.J.; Bley Junior, C.; Niklevicz, R.R.; Frigo, E.P.; Frigo, M.S.; Coimbra-Araújo, C.H. Overview of hydrogen production
technologies from biogas and the applications in fuel cells. Int. J. Hydrog. Energy 2013, 38, 5215–5225. [CrossRef]

183. Bocci, E.; Di Carlo, A.; McPhail, S.J.; Gallucci, K.; Foscolo, P.U.; Moneti, M.; Villarini, M.; Carlini, M. Biomass to fuel cells state of
the art: A review of the most innovative technology solutions. Int. J. Hydrog. Energy 2014, 39, 21876–21895. [CrossRef]

184. Papadam, T.; Goula, G.; Yentekakis, I.V. Long-term operation stability tests of intermediate and high temperature Ni-based
anodes’ SOFCs directly fueled with simulated biogas mixtures. Int. J. Hydrog. Energy 2012, 37, 16680–16685. [CrossRef]

185. Lackey, J.; Champagne, P.; Peppley, B. Use of wastewater treatment plant biogas for the operation of Solid Oxide Fuel Cells
(SOFCs). J. Environ. Manag. 2017, 203, 753–759. [CrossRef] [PubMed]

186. Lanzini, A.; Leone, P.; Guerra, C.; Smeacetto, F.; Brandon, N.P.; Santarelli, M. Durability of anode supported Solid Oxides Fuel
Cells (SOFC) under direct dry-reforming of methane. Chem. Eng. J. 2013, 220, 254–263. [CrossRef]

187. Ma, J.; Jiang, C.; Connor, P.A.; Cassidy, M.; Irvine, J.T.S. Highly efficient, coking-resistant SOFCs for energy conversion using
biogas fuels. J. Mater. Chem. A 2015, 3, 19068–19076. [CrossRef]

188. Papurello, D.; Borchiellini, R.; Bareschino, P.; Chiodo, V.; Freni, S.; Lanzini, A.; Pepe, F.; Ortigoza, G.A.; Santarelli, M. Performance
of a Solid Oxide Fuel Cell short-stack with biogas feeding. Appl. Energy 2014, 125, 254–263. [CrossRef]

189. Shiratori, Y.; Oshima, T.; Sasaki, K. Feasibility of direct-biogas SOFC. Int. J. Hydrog. Energy 2008, 33, 6316–6321. [CrossRef]
190. Janardhanan, V.M. Multi-scale Modeling of Biogas Fueled SOFC. ECS Trans. 2015, 68, 3051–3058. [CrossRef]
191. Ni, M. Modeling and parametric simulations of solid oxide fuel cells with methane carbon dioxide reforming. Energy Convers.

Manag. 2013, 70, 116–129. [CrossRef]
192. Tjaden, B.; Gandiglio, M.; Lanzini, A.; Santarelli, M.; Järvinen, M. Small-Scale Biogas-SOFC Plant: Technical Analysis and

Assessment of Different Fuel Reforming Options. Energy Fuels 2014, 28, 4216–4232. [CrossRef]
193. Gandiglio, M.; Lanzini, A.; Leone, P.; Santarelli, M.; Borchiellini, R. Thermoeconomic analysis of large solid oxide fuel cell plants:

Atmospheric vs. pressurized performance. Energy 2013, 55, 142–155. [CrossRef]
194. Schmersahl, R.; Mumme, J.; Scholz, V. Farm-Based Biogas Production, Processing, and Use in Polymer Electrolyte Membrane

(PEM) Fuel Cells. Ind. Eng. Chem. Res. 2007, 46, 8946–8950. [CrossRef]
195. Guan, T.; Alvfors, P.; Lindbergh, G. Investigation of the prospect of energy self-sufficiency and technical performance of an

integrated PEMFC (proton exchange membrane fuel cell), dairy farm and biogas plant system. Appl. Energy 2014, 130, 685–691.
[CrossRef]

196. Birth, T.; Heineken, W.; He, L. Preliminary design of a small-scale system for the conversion of biogas to electricity by HT-PEM
fuel cell. Biomass Bioenergy 2014, 65, 20–27. [CrossRef]

197. Verotti, M.; Servadio, P.; Bergonzoli, S. Biogas upgrading and utilization from ICEs towards stationary molten carbonate fuel cell
systems. Int. J. Green Energy 2016, 13, 655–664. [CrossRef]

198. Eichenberger, P.H. The 2 MW Santa Clara Project. J. Power Sources 1998, 71, 95–99. [CrossRef]
199. Trogisch, S.; Hoffmann, J.; Daza Bertrand, L. Operation of molten carbonate fuel cells with different biogas sources: A challenging

approach for field trials. J. Power Sources 2005, 145, 632–638. [CrossRef]
200. Ciccoli, R.; Cigolotti, V.; Lo Presti, R.; Massi, E.; McPhail, S.J.; Monteleone, G.; Moreno, A.; Naticchioni, V.; Paoletti, C.; Simonetti,

E.; et al. Molten carbonate fuel cells fed with biogas: Combating H2S. Waste Manag. 2010, 30, 1018–1024. [CrossRef]
201. Lanzini, A.; Madi, H.; Chiodo, V.; Papurello, D.; Maisano, S.; Santarelli, M.; Van herle, J. Dealing with fuel contaminants in

biogas-fed solid oxide fuel cell (SOFC) and molten carbonate fuel cell (MCFC) plants: Degradation of catalytic and electro-catalytic
active surfaces and related gas purification methods. Prog. Energy Combust. Sci. 2017, 61, 150–188. [CrossRef]

202. Månsson, A.; Sanches-Pereira, A.; Hermann, S. Biofuels for road transport: Analysing evolving supply chains in Sweden from an
energy security perspective. Appl. Energy 2014, 123, 349–357. [CrossRef]

203. Olsson, L.; Fallde, M. Waste(d) potential: A socio-technical analysis of biogas production and use in Sweden. J. Clean. Prod. 2015,
98, 107–115. [CrossRef]

204. Monnerie, N.; Roeb, M.; Houaijia, A.; Sattler, C. Coupling of Wind Energy and Biogas with a High Temperature Steam Electrolyser
for Hydrogen and Methane Production. Green Sustain. Chem. 2014, 4, 60–69. [CrossRef]

205. Kharton, V.V.; Yaremchenko, A.A.; Valente, A.A.; Sobyanin, V.A.; Belyaev, V.D.; Semin, G.L.; Veniaminov, S.A.; Tsipis, E.V.; Shaula,
A.L.; Frade, J.R.; et al. Methane oxidation over Fe-, Co-, Ni- and V-containing mixed conductors. Solid State Ion. 2005, 176, 781–791.
[CrossRef]

206. Yang, S.; Kondo, J.N.; Hayashi, K.; Hirano, M.; Domen, K.; Hosono, H. Partial oxidation of methane to syngas over promoted
C12A7. Appl. Catal. A Gen. 2004, 277, 239–246. [CrossRef]

272



Sustainability 2021, 13, 11515

207. Tu, X.; Whitehead, J.C. Plasma dry reforming of methane in an atmospheric pressure AC gliding arc discharge: Co-generation of
syngas and carbon nanomaterials. Int. J. Hydrog. Energy 2014, 39, 9658–9669. [CrossRef]

208. Izquierdo, U.; Barrio, V.L.; Requies, J.; Cambra, J.F.; Güemez, M.B.; Arias, P.L. Tri-reforming: A new biogas process for synthesis
gas and hydrogen production. Int. J. Hydrog. Energy 2013, 38, 7623–7631. [CrossRef]

209. IRENA. Production of Bio-Methanol Technology Brief ; IRENA: Masdar City, Abu Dhabi, United Arab Emirates, 2013; pp. 1–28.
210. Park, D.; Lee, J. Biological conversion of methane to methanol. Korean J. Chem. Eng. 2013, 30, 977–987. [CrossRef]
211. Shamsul, N.S.; Kamarudin, S.K.; Rahman, N.A.; Kofli, N.T. An overview on the production of bio-methanol as potential renewable

energy. Renew. Sustain. Energy Rev. 2014, 33, 578–588. [CrossRef]
212. Su, Z.; Ge, X.; Zhang, W.; Wang, L.; Yu, Z.; Li, Y. Methanol Production from Biogas with a Thermotolerant Methanotrophic

Consortium Isolated from an Anaerobic Digestion System. Energy Fuels 2017, 31, 2970–2975. [CrossRef]
213. Munasinghe, P.C.; Khanal, S.K. Biomass-derived syngas fermentation into biofuels: Opportunities and challenges. Bioresour.

Technol. 2010, 101, 5013–5022. [CrossRef] [PubMed]

273





sustainability

Article

Energy Stored in Above-Ground Biomass Fractions and Model
Trees of the Main Coniferous Woody Plants

Rudolf Petráš 1, Julian Mecko 1, Ján Kukla 2, Margita Kuklová 2,*, Danica Krupová 1, Michal Pástor 1,
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Abstract: The paper considers energy stored in above-ground biomass fractions and in model trees of
the main coniferous woody plants (Picea abies (L.) H. Karst., Abies alba Mill., Pinus sylvestris (L.), Larix
decidua Mill.), sampled in 22 forest stands selected in different parts of Slovakia. A total of 43 trees
were felled, of which there were 12 spruces, 11 firs, 10 pines, and 10 larches. Gross and net calorific
values were determined in samples of wood, bark, small-wood, twigs, and needles. Our results show
that these values significantly depend on the tree species, biomass fractions, and sampling point on
the tree. The energy stored in the model trees calculated on the basis of volume production taken
from yield tables increases as follows: spruce < fir < pine < larch. Combustion of tree biomass releases
an aliquot amount of a greenhouse gas—CO2, as well as an important plant nutrient, nitrogen—into
the atmosphere. The obtained data must be taken into account in the case of the economic utilization
of energy stored in the fractions of above-ground tree biomass and in whole trees. The achieved data
can be used to assess forest ecosystems in terms of the flow of solar energy, its accumulation in the
various components of tree biomass, and the risk of biomass combustion in relation to the release of
greenhouse gases.

Keywords: coniferous trees; biomass fractions; calorific values; energy reserves

1. Introduction

The country and its soil are considered highly important but limited resources both in
Europe and worldwide, and are currently facing pressure from anthropogenic increases in
greenhouse gases in the atmosphere of terrestrial ecosystems, climate change, and a loss
of biodiversity. Landscape and soil management should therefore include environmental
monitoring and measures aimed at reducing the release of industrial pollutants into the
air, the gradual interconnection of green spaces to reduce landscape fragmentation, or
expanding protected areas to preserve natural diversity.

A lack of multi-dimensional data is one of the major gaps which limits the knowledge
and assessment possibilities of European forests. Nowadays, the most extensive and
complete data on European forest statuses are provided by the National Forest Inventories,
which provide information about the extent of forest resources and their composition and
structure [1]. Forest inventory methods are the primary tools used to assess the current
state and development of forests over time [2]. On the other hand, long-term experimental
plots provide information on forest stand dynamics, which cannot be derived from forest
inventories or small temporary plots [3]. By measuring the remaining as well as the
removed stand, the survey of long-term experiments provides the total production at a
given site, which is most relevant for examining the relationship between site conditions
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and stand productivity on one hand and between stand density and productivity on
the other.

The assessment of above-ground biomass stocks in the coniferous forests of inland
northwest USA is important both for the inventory of wood, bioenergy, and carbon, as well
as for wildfire risk determination [4]. The use of bioenergy is increasing rapidly due to the
need to reduce greenhouse gas emissions [5]. According to the above authors, tree biomass
is characterized not only by its mechanical, physical, and chemical properties, but also by
its energy content, which accumulates in the process of photosynthetic assimilation, and
which can be released later. In the case of its wider use for energy purposes, it is necessary
to know the energy content of both whole trees and their individual parts. The energy of
the trees can be determined directly by the destruction method, by means of which the
fresh and dry mass of the biomass fractions of individual trees is determined first, and then
their calorific value.

The calorific value of plants is an important parameter for evaluating and indexing
material cycles and energy conversion in forest ecosystems [6]. The effective heating value
of wood correlates best with the lignin content, of inner bark with carbohydrates, and
outer bark with carbohydrates and the extractives soluble in alkaline solvents [7]. A similar
determination through the content of chemical elements C, H, N and S is reported by [8].
The determination of the heating value might be used thus as an indicator of the cellulose
content of coniferous wood.

The most abundant data on biomass properties are found achieved in research on
wood density which is usually associated with wood mechanical properties. Based on
many literary sources, such a correlation has been derived for 103 tree species [9]. The
lowest density is of soft deciduous species, followed by conifers and hard deciduous
species. Some authors report that the density of wood varies not only with tree species
but also with the vertical or radial position of the wood on the tree trunk and in the tree
crown [10,11]. Wood density also depends on the width of tree rings [12,13], the proportion
of spring and summer wood, and the tree age [14,15]. The density of wood of branches
with bark is significantly higher than that of stem wood [16]. For more accurate calculations
of the weight of the whole tree, however, in addition to its volume, it is necessary to know
the density of all its components, specifically the density of the round-wood, its bark, and
branches [17].

Partial data can also be found for the calorific value of individual biomass fractions.
Data have been published on the calorific values of the stem wood, branches, and roots
of the bark of spruce and beech trees [18], the calorific value of wood and cones of four
coniferous trees [19], as well as on the relationship of the calorific value of fir wood and the
width of the annual rings [20]. A very detailed study of the heating values of seven tree
species was conducted in Finland [21].

Due to the high laboriousness of the method of destruction, it is not possible to
process larger and more representative experimental material when researching the energy
accumulated in the tree species of forest stands. It is therefore more accessible and efficient
to build on existing knowledge on the amount of tree biomass, which is expressed in
volume units in forestry. The generally known models of forest tree volume tables exist
in the form of mathematical functions and simulate the volume of above-ground biomass
of not only whole trees, but also their main parts, such as wood, bark, and branches with
bark [22]. Therefore, they can be used effectively in the conversion about biomass volume
to dry weight and subsequently to the energy reserve of the tree. For this purpose, it is
necessary to know not only the calorific value of tree biomass, preferably according to its
basic fractions, but also the density of tree biomass fractions.

Renewable energies are essential parts of the energy revolution in which the goal is to
replace energy production from fossil fuels with those from renewable sources. There is a
view that many of the available resources are not fully utilized (for example, the correct use
of forest biomass, organic residues from agriculture, forestry or landscaping or residues
from the animal breeding sector). In that sense, biomaterials are essential renewables which
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require changes in attitudes, visions, strategies, and activities, based on the principles of
resource sharing [23].

However, studies pertaining to the utilization of forest biomass as a replacement
energy source for fossil fuels are lacking. Forest biomass meets sustainability criteria and
has significant potential for CO2 sequestration. Therefore, the effort to increase the forest
cover of the country and of hectare wood stocks significantly contributes to increasing
carbon stocks and sustainability of terrestrial ecosystems. This approach is essential if,
by a concerted effort, we want to contribute to stop the process of destabilizing natural
ecosystems and, consequently, of society due to climate change.

The aim of this study is to obtain data usable in the economic use of solar energy
stored in the fractions of aboveground tree biomass, as well as in whole trees and forest
stands of four main coniferous woody plants (spruce, fir, pine and larch) based on gross
calorific values and basic densities of aboveground fractions of wood, bark, small-wood,
twigs, needles, and volume production of forest stands. We hypothesize that the energy
content of the biomass of coniferous woody species depends mainly on: (1) tree species,
(2) the biomass fraction, (3) the density of the biomass fraction, (4) the sampling point on
the tree, and (5) the tree developmental stage.

The obtained knowledge can be useful in assessing the flow of solar energy in forest
ecosystems, the risks of accidental and deliberate forest fires, the burning of fossil fuels,
climate change, and the possibility to achieve local and global carbon neutrality.

2. Materials and Methods

2.1. Data Collection and Sampling

The experimental material was obtained in 22 forest stands located in the Slovak
territory (Figure 1), which covers a large part of the Western Carpathians. Most of the forest
stands are located in central Slovakia, with others in western and eastern Slovakia. The
growth conditions of sampled coniferous stands are provided in Table 1.

The forest stands situated at an altitude of 165–1070 m a.s.l. consist of the Norway
spruce (Picea abies (L.) H.Karst.), Silver fir (Abies alba Mill.), Scots pine (Pinus sylvestris (L.))
and European larch (Larix decidua Mill.) (Table 2). The stands are on slopes of 25–60%, with
the exception of most pine forests located on the plain. The production level of these stands
is expressed by the site index, which is in the range of 24–42. This index represents the
mean height of trees (m) that the stand would reach at the age of 100 years.

Figure 1. Location of examined coniferous stands.
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Table 1. Geobiocoenological classification of stands of examined woody plants (in the sense of [24,25]).

Woody Plant
Vegetation

Grade
Edaphic-Hydric

Order
Edaphic-Trophic

Order
Group of

Geobiocoene Types

Norway spruce
(Picea abies (L.)

H.Karst.)

3rd, Oak-Beech wetted
Mesotrophic

Querceto-Fagetum

5th, Fir-Beech
normal

Abieto-Fagetum inf.a

hemioligotrophic
Fageto-Abietum inf.

6th, Spruce-Beech Fir Fageto-Abietum sup.b

Silver fir
(Abies alba Mill.)

3rd, Oak-Beech wetted
mesotrophic

Querceto-Fagetum

4th, Beech
normal Fagetum pauper

Fagetum typicum

little restricted heminitrophilous Fagetum tiliosum

5th, Fir-Beech
normal

mesotrophic Abieto-Fagetum inf.
Fageto-Abietum sup.6th, Spruce-Beech Fir hemioligotrophic

Scots pine
(Pinus sylvestris L.)

1st, Oak

normal

mesotrophic

Carpineto-Quercetum

2nd, Beech-Oak Fageto-Quercetum

European larch
(Larix decidua Mill.)

3rd, Oak-Beech wetted Querceto-Fagetum

5th Fir-Beech normal
Abieto-Fagetum inf.

hemioligotrophic Fageto-Abietum inf.
a inf.—inferiora; b sup.—superiora.

Table 2. Characteristics of trees from which biomass samples were taken.

Tree Species
Number of

Sampled Trees
DBH
(cm)

h
(m)

Age Site Index
Altitude

(m)

Picea abies 12 20–62 23–38 35–105 26–42 435–1070
Abies alba 11 23–75 22–39 35–153 24–40 390–950

Pinus sylvestris 10 25–51 24–30 75–108 24–30 165–940
Larix decidua 10 26–56 24–35 40–100 28–40 275–1070

Overview 43 20–75 22–39 35–153 24–42 165–1070

A total of 43 trees were felled in these stands, of which there were 12 spruces, 11 firs,
10 pines, and 10 larches (Table 2). A higher amount of spruce and fir trees were felled due
to their higher representation in the forests of Slovakia. Based on their diameter, height
and age, the majority of trees had the parameters of mature trees. The stands in which the
trees were cut down are located at various exposures with a slope of 25–60%. Only in the
case of pines did most plots have zero inclination.

The following samples were taken from each tree: three circular cut-outs (one from the
trunk foot, another from the middle of the trunk, and a third from the middle part of the
tree crown) divided into a wood and bark fraction (as there was not enough bark volume
on the circular cut-outs, another bark was sampled from neighbouring places on the trunk);
about 20–25 cm long cuttings thinner than 7 cm of small-wood (with bark) from the central
part of the crown and twigs overgrown with green needles divided into needles and twigs
after drying. The small-wood fraction was taken from the main (primary) branches that
grow up directly from the trunk of the tree.

A total of 9 samples were taken from each tree (3 of wood, 3 of bark and another
3 of small-wood, twigs, and needles). The only exception was larch, from which no twigs
and needles were taken. A total of 367 biomass samples were taken from 43 coniferous
trees (129 from trunk bark, 129 from trunk wood, 43 from small-wood, 33 from twigs and
33 from needles).
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2.2. Data Processing and Analysis

For calorimetric determination, bark, wood, small-wood, twigs, and needle samples
were taken from 5 trees of each woody plant (spruce, fir, pine and larch). Samples smaller
than 30 mm were dried at 103 ± 2 ◦C and ground using an SM 100 cutting mill (Retsch)
with bottom sieves with 2 mm square holes and a circular filter to a size of approximately
<1 mm at 1450 rpm for 5 min.

Gross calorific value was determined using an IKA C-4000 calorimeter (program
C-402). Two determinations were performed on each sample with an accuracy of up to
120 J [26]. The elements C, H, N, and S necessary to calculate the net calorific value have
been determined using CNS Flash EA 1112 from Thermo Finnigan. Two determinations per
sample were performed to the C, H, N and to the S [27,28]. Oxygen content was obtained
by subtracting the sum of the percentages of C, H, N, S, and ash from 100% [29]. Ash
content was determined gravimetrically by combustion of samples in an electric muffle
furnace at 500 ◦C in triplicate [30].

2.3. Statistical Analysis

The variability of the calorific value of basic biomass fractions within each of the
examined species of coniferous woody plants and within each of the basic biomass fractions
taken from different coniferous woody plants was evaluated using the program Statistica 9
(StatSoft, 2008). A one-way ANOVA test followed by a Fisher-LSD test was used to detect
significant differences between observed characteristics. In the analysis of variance of the
calorific values the tree species (spruce, fir, pine, larch) and the biomass fractions (bark,
wood, small-wood, twigs, and needles) were used as factors. Results were expressed as
mean ± standard deviation (SD). Differences between means were considered significant
when they occurred at p < 0.05.

2.4. Calculation Procedures

The energy stored in the above-ground biomass of the mean trees of the studied
coniferous species was calculated on the basis of the measured calorific values, tables of
model volumes of trees [22], as well as the model density values for bark, wood, and
small-wood [31]. Mathematical models of classical tree volume tables show the volume
of whole trees v (m3) in relation to their diameters DBH (cm), heights h (m) and main
components (round-wood with or without bark, bark, and small-wood). The volume tables
do not contain twigs and needles. Therefore, their dry weight values, which depend on
tree diameter and height, were taken from [32]. According to this source, for example, the
fresh weight of needles for trees with a DBH of 40 cm and a height of 30 m is approximately
90 kg in the case of spruce, and 35 kg in the case of pine. The dry weight is approximately
42% of the fresh weight of spruce and pine. Spruce models were also taken for fir. The
energy reserves of the trees at different stages of their development were then calculated
according to the following formula:

CH(DBH, h) =
[
∑ vi·ρi·CHi + m0·CHtwne

]·10−3 (1)

where: CH(DBH, h)—the energy reserve of the tree (GJ tree−1);
vi—the volume of i-th fraction (stem wood, stem bark, small-wood) taken over from

the volume tables [22] (m3);
ρi—basic density of the i-th fraction taken from [31] (kg m−3);
CHi—the calorific value of the i-th fraction (MJ kg−1);
m0—the dry matter weight of the twigs and needles taken from [32] (kg);
CHtwne—the calorific value of the twigs and needles (MJ kg−1).
The dry weight of the above-ground biomass of the model trees at different stages of

their development was calculated using equation (1), from which the items CHi and CHtwne
representing the combustion heat were omitted. The same equation was also used for the
calculation of dry weight of aboveground biomass of adult model trees (DBH 60 cm, h. 30 m).
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3. Results

3.1. Gross Calorific Values of Biomass Fractions of Examined Woody Plants

The variability of the gross calorific values of the biomass fractions within individual
coniferous woody plants is shown in Figure 2a. In the case of spruce, the lowest values
were found in bark and wood taken from the middle part of the trunk and the highest in
bark and wood taken from the base of the trunk. In general, however, spruce bark and
wood have similar gross calorific values. The same can be said for the bark and wood
fractions of fir. The gross calorific values of wood fractions taken from different parts of
the tree trunk do not differ significantly. Larch wood has the lowest values. The values
found for small-wood are slightly higher, but they are also very similar to each other. There
is a significantly higher concentration of energy in the bark of pine and larch taken from
the foot of the trunk, as well as in the twigs and needles of all examined woody plants. In
contrast, the energy values of bark taken from the middle and crown part of pine trunk
were the lowest of all woody plants.

Figure 2. Variability of gross calorific values (a) ANOVA, Fischer LSD test; spruce: F(8, 36) = 6.1397, p = 0.0001; fir:
F(8, 36) = 13.950, p = 0.0001; pine: F(8, 36) = 23.228, p = 0.0001; larch: F(6, 28) = 27.058, p = 0.0001. (b) 1—on the tree foot, 2—at
the middle of the stem, 3—at the middle of the crown; ANOVA, Fischer LSD test; bark 1: F(3, 16) = 13.11, p = 0.0001; bark
2: F(3, 16) = 1.65, p = 0.2171; bark 3: F(3, 16) = 5.33, p = 0.0098; wood 1: F(3, 16) = 10.79, p = 0.0004; wood 2: F(3, 16) = 9.29,
p = 0.0009; wood 3: F(3, 16) = 9.10, p = 0.0010; small-wood: F(3, 16) = 1.09, p = 0.4107; twigs: F(2, 12) = 0.81, p = 0.4696; needles:
F(2, 12) = 9.91, p = 0.0029. Significantly different mean values (p < 0.05) are indicated by different letters.

The coefficients of variation of the gross calorific value of spruce and fir wood were
in the range 0.5–0.9%, and in the range of 0.7–1.6% for pine and larch. The coefficients of
variation of the gross calorific value of small-wood (0.8–1.7%) are very close to the trunk
wood. In the case of bark (0.8–3.4%), the highest coefficients are approximately twice as
high, especially in the bark of pine and larch. The coefficients of variations of twigs and
needles range from 0.9 to 2.9%, these values being closer to the values found in the bark
than in the wood.

The variability of gross calorific values within individual biomass fractions of the
examined coniferous woody plants is shown in Figure 2b. The gross calorific values of bark
taken from the foot of pine and larch trunks are significantly higher compared to the values
of the equivalent spruce and fir bark. On the other hand, in the case of bark taken from the
middle of the trunks and crowns of trees, the differences in the values of different woody
plants were relatively small. The only exception was the significantly lower value of bark
taken from the pine crown. Larch wood has the lowest gross calorific value regardless of
the sampling point on the tree. Spruce wood has a slightly higher value, and the highest
value was found for pine wood. Significant differences were found between the gross
calorific values of pine wood compared to larch wood and spruce wood 1 and 2, and larch
wood compared to spruce wood and fir wood 1 and 3. The gross calorific values of the
small-wood of the examined woody plants did not differ much and were only slightly
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higher compared to the values found in the wood fractions. The gross calorific value of the
needles increased markedly from spruce to pine, but the differences were not significant.

The variability of gross calorific values of the biomass fractions within individual
woody plants is given in Table 3a. It can be seen that the gross calorific values of the spruce
bark and wood, and the bark, wood and small-wood of fir and pine differ significantly
from the values of twigs and needles. On the other hand, the gross calorific value of spruce
small-wood is not significantly different from the values of the other spruce fractions. In the
case of larch, the values of the bark and small-wood fractions are similar and significantly
different from the values of the wood fraction.

Table 3. Variability of gross calorific values (arithmetic mean ± SD in MJ kg−1): (a—ANOVA, Fischer LSD test; spruce:
F(4, 40) = 11.577, p = 0.0001; fir: F(4, 40) = 27.931, p = 0.0001; pine: F(4, 40) = 8.027, p = 0.0008; larch: F(2,32) = 14.22, p = 0.0004;
b—ANOVA, Fischer LSD test; wood: F(3, 56) = 29.322, p = 0.0001; bark: F(3, 56) = 3.568, p = 0.019; small-wood: F(3, 16) = 1.019,
p = 0.410; twigs: F(2, 12) = 0.806, p = 0.469; needles: F(2, 12) = 9.903, p = 0.000).

Tree Species Bark Wood Small-Wood Twigs Needles

a—Variability within each of the examined woody plants

Picea abies 20.314 ± 0.495 a 20.222 ± 0.142 a 20.613 ± 0.208 a,b 21.495 ±0.621 b 21.005 ± 0.600 b

Abies alba 20.422 ±0.330 a 20.395 ± 0.164 a 20.727 ± 0.342 a 21.602 ± 0.468 b 21.563 ± 0.338 b

Pinus sylvestris 20.627 ±0.112 a 20.596 ± 0.253 a 20.856 ± 0.180 a 21.857 ± 0.198 b 22.196 ± 0.253 b

Larix decidua 21.171 ± 0.910 b 19.988 ± 0.159 a 20.811 ± 0.166 b - -

b—Variability within each of the basic biomass fractions of the examined woody plants

Picea abies 20.314 ± 0.495 a 20.222 ± 0.142 b 20.613 ± 0.208 c 21.495 ± 0.621 c 21.005 ± 0.600 a

Abies alba 20.422 ± 0.330 a 20.395 ± 0.164 b 20.727 ± 0.342 c 21.602 ± 0.468 c 21.563 ± 0.338 a

Pinus sylvestris 20.627 ± 0.112 a,c 20.596 ± 0.253 a 20.856 ± 0.188 c 21.857 ± 0.198 c 22.196 ± 0.253 c

Larix decidua 21.171 ± 0.910 c 19.988 ± 0.159 c 20.811 ± 0.166 c – –

Note: significantly different mean values (p < 0.05) are indicated by different letters (a,b,c).

The variability of gross calorific values within individual biomass fractions of investi-
gated woody plants is provided in Table 3b. Twigs and needles have the highest values, and
the lowest were found for wood. The values of spruce and fir bark are similar and significantly
lower compared to the values of pine and especially larch bark. The same can be said for the
wood fraction, with the exception of larch wood, which, on the other hand, has the absolute
lowest energy value. The differences in values found for the small-wood and twig fractions of
examined woody plants are not very large. The gross calorific values of spruce and fir needles
are also similar, but significantly lower compared to the value of pine needles.

The coefficients of variation are in the range of 1–4%. Twigs, needles and small-wood
have lower variability, and bark of larch and pine trees a higher one. It can be seen that
wood with bark, and the twigs with needles of spruce and fir trees belong to the same
set of the average calorific values. Pine wood and bark and the small-wood of all four
species of conifers also have similar calorific values. The variability of calorific values is
relatively small. The coefficients of variation are in the range of 1–4%. Twigs, needles
and small-wood have lower variability and the bark of larch and pine a higher one. The
significantly different gross calorific value was in the bark of larch trees.

3.2. Net Calorific Values of Biomass Fractions of Examined Woody Plants

An important indicator of biomass energy content is the net calorific value, which
depends on the elemental composition, moisture content and ash content. The ultimate
analysis of soft-wood species is generally 51% carbon, 42% oxygen, 6.3% hydrogen, 0.1%
nitrogen and 0.02% sulphur. In hardwood, the C content is 49%, O 44%, H 6.2%, N 0.1%,
and S 0.02% [29]. The differences are mainly due to different carbon content (main energy
source) and different ash content (not combustible material). The net calorific values of
basic biomass fractions of examined coniferous woody plants are in provided in Table 4.
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The net calorific values depend on the content of biogenic elements (C, O, H, N) as
well as S and ash in tree biomass. The most represented element was C (from 47.48% for
larch wood to 53.35% for pine needles) followed by O (from 35.96% for pine needles to
46.42% for larch bark), H (from 5.87% for larch wood to 6.34% for pine twigs), N (from
0.08% for larch wood to 1.55% for pine needles) and S (from 0.02% for fir and pine bark
to 0.13% for spruce and pine needles). The highest content of O, N and S was in twigs
and needles, H in small-wood, twigs, or needles, while the content of C did not show any
regularity. The highest ash content was in the needles of fir and spruce (3.50–4.42%), the
lowest was always in the bark of examined woody plants (0.12–0.40%).

The net calorific values of examined woody plants range from a minimum of
18.078–20.527 MJ kg−1 to a maximum of 18.848–22.207 MJ kg−1 (Table 4). The highest
values were found in twigs and needles. Average calorific values ranged from 18.843 to
21.157 MJ kg−1 and their variability was relatively low. The coefficient of variation ranged
between 0.70–4.45% and reached the maximum values in the case of the bark fraction
of the examined woody plants. The calorific values of the bark and wood of spruce, fir
and pine trees are very similar. Significant differences occurred only in the case of larch.
However, these values differed significantly from those found in small-wood, twigs, and
needle fractions. Calorific values of small-wood fractions of spruce and pine significantly
differ from all other fractions.

3.3. Dry Weight of Above-Ground Biomass Fractions of Model Trees

The dry weight and percentage of biomass fractions of the model trees of examined
woody plants are given in Table 5. The proportion of the bark fraction reaches 4.8–16%, of
wood 76–84%, of small-wood 5.5–8.2%, of twigs 0.2–2.5%, and of needles 2.6–5.5%. Larch
and fir bark have the highest share, pine bark the lowest. Pine, on the other hand, has
the largest share of the wood and small-wood fractions. Spruce, in turn, has the largest
proportion of twigs and needles. The dry weight of larch and pine is the same and at the
same time the absolute highest, and the weight of spruce is the lowest.

Table 5. Dry weight and percentage of above-ground biomass fractions of the model trees (DBH 60 cm, h 30 m) of examined
woody plants.

Tree Species

Biomass Fraction Model
TreeBark Wood Small-Wood Twigs Needles

(kg) (wt %) (kg) (wt %) (kg) (wt %) (kg) (wt %) (kg) (wt %) (kg tree−1)

Picea abies 101 6.9 1169 79.7 81 5.5 36 2.4 80 5.5 1467
Abies alba 172 10.7 1220 76.2 94 5.9 36 2.2 80 5.0 1602

Pinus
sylvestris 82 4.8 1434 84.2 139 8.2 4 0.2 44 2.6 1703

Larix decidua 272 16.0 1322 77.5 111 6.5 - - - - 1705

Average 157 9.6 1286 79.4 106 6.5 19 1.2 51 3.3 1619

The dry weight of the above-ground biomass of the model trees of examined woody
plants shown in Figure 3 is the sum of the dry weights of all fractions of their biomass,
excluding larch twigs and needles.

The dry weight of larch biomass is highest, and of spruce lowest. This fact is mainly
due to a higher basic density of larch wood by approximately 35% compared to spruce
wood. The energy reserves of trees growing at medium-quality sites are significantly lower
and the lowest are in the case of trees growing at the worst sites. At these sites, pine has
the highest dry weight, while the order of weight of other species does not change.

The reliability of the determination of the energy stored in the tree depends on the
variability of gross calorific values, basic densities, and volume of tree biomass fractions.
However, it must be said that the relative proportion of tree biomass fractions will be the
decisive factor in this case. Small trees have a significant share of small-wood, but large
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trees have a significant share of trunk wood. This is of crucial importance, as the wood of
the trunk has the largest share, but also the lowest variability of calorific value.

Figure 3. Oven-dry weight of the above-ground biomass of the model trees of examined woody
plants depending on their diameter (DBH) and height (10, 20, 30 m).

3.4. Energy Density of Above-Ground Biomass Fractions and of Model Trees

The energy density of the biomass fractions depends on their basic density and gross
calorific value. Figure 4 shows the energy density of the basic biomass fractions and of the
model trees of examined woody plants.

Figure 4. Variability of energy density of above-ground biomass fractions and of model trees.
Significantly different mean values (p < 0.05) are indicated by different letters.

The average energy density of the above-ground biomass of pine is 8.18 GJ m−3,
spruce 9.01 GJ m−3, fir and larch 9.73 and 9.84 GJ m−3, and for all examined woody
plants is approximately 9.19 GJ m−3. The highest energy density was found in fir bark
(almost 11.84 GJ m−3), the lowest in pine bark (7.05 GJ m−3) and fir wood (7.18 GJ m−3).
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On the other hand, the energy density of larch wood and small-wood of spruce, fir and
larch reaches 10.16–10.72 GJ m−3. Higher energy density found in whole trees of fir and
larch was due to the higher energy density of bark and small-wood (fir), and wood and
small-wood (larch).

The energy reserves of above-ground biomass fractions and of model trees of examined
woody plants are shown in Table 6. The energy reserve of pine bark is the lowest and that
of larch bark the highest. The most energy is stored in wood fraction and small-wood
fraction of pine, the least in the wood fraction and the small-wood fraction of spruce, and
in twigs and needles of pine. The energy reserve of the model trees of examined woody
plants ranges from about 30 GJ for spruce to 34–35 GJ for larch and pine.

Table 6. Energy reserves of above-ground biomass fractions and of model trees (DBH 60 cm, h 30 m)
of examined woody plants (GJ tree−1).

Tree Species
Biomass Fraction Model

TreeBark Wood Small-Wood Twigs Needles

Picea abies 2.05 23.64 1.67 0.77 1.68 29.82
Abies alba 3.51 24.88 1.95 0.78 1.73 32.85

Pinus sylvestris 1.69 29.53 2.90 0.09 0.98 35.19
Larix decidua 5.76 26.42 2.31 - - 34.49

Average 3.25 26.12 2.21 0.55 1.461 33.09

The energy reserves of the examined woody plants are shown in Figure 5. The highest
energy reserve is again in larch (similar to dry weight) and the lowest in fir and spruce.
Since the differences in the calorific values of the basic biomass fractions of studied woody
plants are not large, we can conclude that the higher energy content of larch trees may be
caused by their higher oven-dry weight compared to other tree species.

Figure 5. The energy reserves of above-ground biomass of the model trees of the examined woody
plants depending on their diameter (DBH) and height (10, 20, 30 m).

The energy reserves of the examined woody plants are shown in Figure 5. The highest
energy reserve is again in larch (similar to dry weight) and the lowest in fir and spruce.
Since the differences in the calorific values of the basic biomass fractions of studied woody
plants are not large, we can conclude that higher energy content of larch trees may be
caused by their higher oven-dry weight compared to other tree species.
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The carbon accumulated during photosynthesis forms a substantial part of the dry
weight of the tree (Table 7). At C 12 and O 16 atomic weights, CO2 has a molecular weight
of 44. It is thus 3.67 times heavier than carbon. With an average C content of 50.62–51.96%,
the biomass of model trees (DBH 60 cm, h 30 m) of the studied woody plants contains from
744 kg C (spruce) to 867 kg C (pine).

Table 7. Amount of CO2 greenhouse gas released after burning of model trees (DBH 60 cm, h 30 m).

Tree
Species

Picea abies Abies alba Pinus sylvestris Larix decidua

Biomass
Fraction

C CO2 C CO2 C CO2 C CO2

(%) (kg) (kg) (%) (kg) (kg) (%) (kg) (kg) (%) (kg) (kg)

Bark 49.99 50.49 185.3 51.95 89.35 327.9 51.35 42.11 154.5 52.90 143.89 528.1
Wood 50.90 595.02 2183.7 49.65 605.73 2223.0 50.78 728.19 2672.5 47.48 627.69 2303.6

Small-wood 50.55 40.95 150.3 51.80 41.96 154.0 51.25 71.24 261.5 51.49 57.15 209.7
Twigs 50.50 18.18 66.7 52.50 18.90 69.4 53.05 2.12 7.8 – – –

Needles 49.45 39.56 145.2 51.25 41.00 150.5 53.35 23.47 86.1 – – –

Model tree 50.28 744.20 2731.2 51.43 796.94 2924.8 51.96 867.13 3182.46 50.62 828.73 3041.4

Combustion of this biomass releases 2731–3182 kg of CO2 into the atmosphere, which
is generally considered to be a significant greenhouse gas. At a density of 300 trees per
1 ha, 223–260 t C is accumulated in the tree biomass, the combustion of which releases
819–955 t CO2 into the air. At the same time, 21 to 47 kg of ash is produced. The highest
proportion of ash is in spruce and pine wood (40.5–42.2 kg), the lowest in larch wood
(18.8 kg). Nitrogen and sulfur are equally important for a living tree. By the burning of
model trees there would be released from 1.99 kg N (larch) to 3.56 kg N (spruce, fir) into
the air. Most N would be released from wood and needles. There is also most S in wood
and needles. Its content in model trees varies from 0.49 kg (larch) to 1.26 kg (pine).

4. Discussion

The combustion heat values obtained in the present study are similar to those re-
ported by other authors. The lowest combustion heat was found in wood and bark
of all tree species, except for larch bark. The highest values were accumulated in the
bark of larch and in needles of spruce, fir, and pine. Published calorific values for
spruce biomass fractions are as follows (MJ kg−1): stem wood 19.048–19.083, stem bark
18.803–19.621, whole stem 19.022–19.161, wood of branches 19.432–20.052, bark of branches
19.870–20.390, crown (branches) 19.772–20.108, foliage 19.224–19.298, and whole tree
19.286–19.478 [7]. The calorific values determined by the author for the pine biomass frac-
tions were slightly higher (MJ kg−1): stem wood 19.308–19.392, stem bark 19.529–19.981,
whole stem 19.333–19.479, wood of branches 19.796–20.839, bark of branches 20.668–21.629,
crown (branches) 20.234–20.873, foliage 20.800–20.950, and whole tree 19.525–19.763. The
differences in the calorific values between different parts of the tree can be greater than
the differences between species. Bark generally has a higher calorific value due to the
high concentration of extractives and lignin. There is a large difference in the basic density
between tree species and tree parts, and this difference results in differences in the heating
value per unit volume. For example, the Norway spruce branches have considerably higher
densities than the stem wood, whereas the bark in general has a lower density compared
to the stem wood of Norway spruce and Scots pine [33].

The values that we found for spruce wood and bark (20.338 ± 318 kJ g−1) are near the
lower end of the range for wood in stems, branches and roots (20.36–20.79 kJ g−1) and for
bark (20.34–21.14 kJ g−1), as reported in [34]. On the other hand, the values reported by
this author for needles and fine roots (20.74–20.79 kJ g−1) were slightly lower compared to
our results (21.416 ± 537 kJ g−1 for needles and twigs). Other authors [35–38] determined
calorific value for spruce wood in the range of 18.8–20.5 MJ kg−1. In the middle of this
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range are the average calorific values of the various stumps and root fractions of Norway
spruce (19.0 and 19.3 kJ g−1) as reported by [38].

The gross calorific values of 20.08± 0.87 MJ kg−1 for Norway spruce, 20.79 ± 0.61 MJ kg−1

for the silver fir, 19.04 ± 0.70 MJ kg−1 for Scots pine, and 20.37 ± 0.48 MJ kg−1 for European
larch are reported by [19]. The values reported for spruce and larch are only slightly higher,
and those for fir and pine lower compared to our results. The calorific value of dry matter
for European conifer species is 20.45 kJ g−1 [38].

As noted above, the gross calorific value of 19.04 ± 0.70 MJ kg−1 is reported for
Scots pine [19]. Several authors determined calorific value for pine wood in the range of
19.2–21.2 MJ kg−1 [35–39]. These values are consistent with our results (20.612 ± 801 kJ g−1).
The average calorific value of a pine cone is in the range of 17.81–19.86 MJ kg−1, but empty
cones have a significantly higher calorific value and heat of combustion than the wood of
spruce, larch and fir [40]. In the case of pine, cones and wood did not differ significantly.
The calorific value of a pine cone was 18.78 MJ kg−1 and of pine needles 20.14 MJ kg−1 [41].
The last of the values is considerably lower compared to our findings (22.196 ± 253 kJ g−1

pine needles). For samples from the Pinus taeda stem the average combustion temperature
was 20.0 MJ kg−1 and the variation range was 19.3 to 21.7 MJ kg−1 [42].

Closer to our results are the values for Pinus massoniana needles found by [43]. This
author found the following ash-free calorific values in organs of Masson pines in order
from the largest to the smallest: foliage (23.55 kJ g−1), branches (22.25 kJ g−1), stem bark
(21.71 kJ g−1), stem wood (21.35 kJ g−1), and root (21.52 kJ g−1). All of these values are
slightly higher than our results. The mean ash-free calorific value of a whole tree of Masson
pine was 21.74 kJ g−1 [6]. The calorific value decreased in the following order: foliage >
branch > stem bark > root > stem wood. This value increased from the top to the lower
sections of the trunk. Mean calorific values of above-ground parts were significantly higher
than those of belowground parts (roots).

The determined values of combustion heat are comparable also with the values found
for conifers in North America [44]. The bark of nine principal commercial timber species
of the Northern Rocky Mountains (Thuja plicata, Abies grandis, Larix occidentalis, Pinta
monticola, Picea engelmannii, Pinus contorta, Tsuga heterophylla, Pseudotauga mensiesii, and
Pinus ponderosa) had the highest average heating value and the lowest foliage level. The
principal exception was Thuja plicata, wherein foliage had the highest average heating
values and bark had the lowest. For bark, the average heating values ranged from the low
of 20.16 MJ kg−1 for Thuja plicata to a high of 25.23 MJ kg−1 for Pseudotauga mensiesii (for
all species, including all determinations, it was 22.01MJ kg−1). The range of average values
for the twigs was from 20.26 MJ kg−1 for Thuja plicata to 23.32 MJ kg−1 for Pinus ponderosa
(overall the average value was 21.48 MJ kg−1). For foliage, the average values ranged from
20.24 MJ kg−1 for Larix occidentalis to 22.40 MJ kg−1 for Thuja plicata (overall the average
value was 21.67 MJ kg−1). These values do not differ much from our findings.

In the case of spruce, the energy reserve was affected by the density of the wood,
if appropriate also the resin content. The calorific value of the resin is considerable and
reaches a value of up to 36.87 kJ g−1 [34]. The heating value of liquid resin collected from
mechanically injured southern pine trees reaches up to 34.0–37.8 MJ kg−1 [42]. This author
found unusually high calorific values in the resin wood from the mature stumps of the
ancient Pinus palustris. The average heat of combustion for samples from Pinus taeda stem
wood was 20.0 MJ kg−1, and the range of variation from 19.3 to 21.7 MJ kg−1. Since conifers
usually contain more lignin and resin than hardwoods, they tend to have slightly higher
heating values per unit mass of stem wood.

For the same reason, in conifers the heating values are higher in foliage and branches
than in stem wood, whereas in hardwoods the lignin content and heating value are slightly
lower in branch wood [45]. The outer bark of birch wood also has an unusually high
calorific value, which significantly exceeds, for example, the calorific value of the inner
bark and needles [42]. In this case, however, this was due to the high suberin content.
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The above data explain the higher content of the calorific value in spruce, fir, pine,
and larch biomass compared to other, mainly deciduous, tree species. Trees have a stronger
assimilation ability than shrubs and herbs, due to the greater leaf density and access to
light [6]. Tree species are richer in energy than herbaceous species, and, in general, the
energy content depends directly on the carbon content in each substance [46]. The higher
fixed carbon content of a biomass feedstock, the higher the heating value [47]. Among the
plant substances, the highest energy content is lignin (26.4 kJ g−1), lipids (38.9 kJ g−1) and
terpenes (up to 46.9 kJ g−1).

The calorific value of tree biomass also depends on the content of other non-woody
substances. These special structures accumulate high calorific components, such as fats
and proteins, which increase calorific content of biomass to some extent [48,49]. Conifer
species contain wax which is even higher in calories than in fats and proteins [50].

5. Conclusions

Forest biomass is currently one of the important sources of renewable energy. The
indicator of its amount is the gross and net calorific value, which depends mainly on the
content of biogenic elements, moisture, and ash. The stated values, together with the values
of the basic density and biomass volume taken from the yield tables, make it possible to
determine both the energy density of the above-ground biomass fractions and the energy
reserves of model trees and whole stands.

From the woody plants examined in this work, larch wood has the absolute lowest
gross calorific value, with slightly higher values in spruce, fir and pine wood, and the
highest values in larch bark and in twigs and needles of other tree species. The dry
weights of larch and pine are the same and the absolute highest, and of spruce the lowest.
The average energy density of the above-ground biomass of the examined woody plants
decreases as follows: pine > spruce > fir > larch. The highest value was found for fir bark
and the lowest for pine bark. With the same dimensions of model trees, spruce has the
lowest energy reserve and larch and pine have the highest, similar to dry weight.

In this work, we focused mainly on the study of energy accumulated in above-ground
fractions of four main woody plants forming the basis of coniferous stands in Slovakia.
The data obtained can be useful both in planning the economic use of energy stored in
the above-ground fractions of tree biomass, as well as in whole trees and stands. They
can also be used in the evaluation of forest ecosystems in terms of solar energy flow, its
accumulation in the individual components of tree biomass, and the risks of forest fires.
Belowground biomass has not been studied in this work, so in the future it will be necessary
to also focus on this issue in order to evaluate the whole cycle of storage and release of
solar energy in coniferous forest ecosystems.

Author Contributions: Conceptualization, J.K. and R.P.; methodology, J.K., M.K., J.M. and R.P.; soft-
ware, R.P. and M.K.; validation, J.K., R.P. and M.P.; formal analysis, M.P., D.K. and M.R.; investigation,
R.P., J.M. and M.K.; resources, R.P., M.K., and M.R.; data curation, J.K. and I.P.; writing—original
draft preparation, R.P.; writing—review and editing, J.K. and I.P.; visualization, J.K., M.K., M.P. and
I.P.; supervision, J.K.; project administration, D.K., I.P. and J.M.; funding acquisition, R.P., M.R., M.P.
and M.K. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Slovak Research and Development Agency (under the
contract no. APVV-16-0344 and APVV-20-0326), the Scientific Grant Agency of the Ministry of
Education of Slovak Republic and Slovak Academy of Sciences (project VEGA no. 2/0009/21) and
the Cultural and Educational Grant Agency of the Ministry of Education, Science, Research and Sport
of the Slovak Republic (project KEGA 021SPU-4/2019).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

289



Sustainability 2021, 13, 12686

References

1. Galluzzi, M.; Giannetti, F.; Puletti, N.; Canullo, R.; Rocchini, D.; Bastrup-Birk, A.; Chirici, G. A plot-level exploratory analysis of
European forest based on the results from the BioSoil Forest Biodiversity project. Eur. J. For. Res. 2019, 138, 831–845. [CrossRef]

2. Hill, A.; Buddenbaum, H.; Mandallaz, D. Combining canopy height and tree species map information for large-scale timber
volume estimations under strong heterogeneity of auxiliary data and variable sample plot sizes. Eur. J. For. Res. 2018, 137,
489–505. [CrossRef]

3. Pretzsch, H.; Del Río, M.; Biber, P.; Arcangeli, C.; Bielak, K.; Brang, P.; Dudzińska, M.; Forrester, D.I.; Klädtke, J.; Kohnle, U.; et al.
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Abstract: The potential of using the biomass of four wetland plant species (Iris pseudacorus, Juncus
effusus, Phragmites australis and Typha latifolia) grown in treatment wetland systems and under natural
conditions were tested to produce high-value materials using hydro-thermal liquefaction (HTL).
The results show that the wetland plants biomass is suitable for biocrude and biochar production
regardless of the origin. The hydrothermal liquefaction products’ (biocrude, biochar, aqueous
and gaseous phase) yields vary according with the specific biomass composition of the species.
Furthermore, the results show that the biomass composition can be affected by the growing condition
(treatment wetland or natural unpolluted conditions) of the plants. None of the single components
seems to have a determinant effect on the biocrude yields, which reached around 30% for all the
analyzed plants. On the contrary, the biochar yields seem to be affected by the composition of the
biomass, obtaining different yields for the different plant species, with biochar yields values from
around 12% to 22%, being that Phragmites australis is the one with the highest average yield. The
obtained aqueous phase from the different plant species produces homogeneous compounds for
each plant species and each growing environment. The study shows that biomass from treatment
wetlands is suitable for biocrude production. The environmental value of this biomass lies on the fact
that it is considered a residual product with no aggregated value. The treatment wetland biomass
is a potential sustainable source for biofuel production since these plants do not need extra land or
nutrients for growing, and the biomass does not compete with other uses, offering new sources for
enhancing the bioeconomy concepts.

Keywords: treatment wetlands; biocrude; hydrothermal liquefaction; biomass; biorefinery; biofuels;
wastewater treatment; biochar; aqueous phase

1. Introduction

Currently, the world faces diverse and serious environmental challenges. The trans-
port sector, responsible for a significant share of CO2 emissions, and other sectors such
as the agriculture, forestry, or manufacturing ones, demand for sustainable, resilient,
affordable, and fair sources of energy that can ease the pressure exerted to nature.

To face those challenges, the bioeconomy model proposes the use of renewable bi-
ological resources from the land and sea (e.g., animals, crops, fish, forests and microor-
ganisms) to produce energy, food and materials [1] to reduce the environmental impact of
human activity.
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In this context, the combined use of green biorefining (GBR) technologies and nature-
based solutions (NBS) brings the opportunity of controlling pollution as well as recovering
neglected biological resources for use as a sustainable source of biomass for biofuel and
later bioenergy production. GBR is a complex and full-integrated technology system that
aims to protect the environment and natural resources, making comprehensive use of
materials and energy available in green biomasses [2]. NBS are technologies focused in
establishing ecosystem services to address societal challenges, such as climate change, food
and water security, to tackle natural disasters, and to enhance well-being and biodiversity
benefits [3].

Treatment wetlands (TW) are one of the most attractive NBS for wastewater treat-
ment; TW technology mimics processes present in nature, but optimizes them through
engineering designs [4]. TW are systems where wastewater, local climate, and energy
(mainly coming from the sun) are integrated into an engineered ecosystem formed by
plants, bacteria, and depending on the type of TW, filling media to remove pollutants from
waters aiming at meeting local discharge standards. The technology is convenient due
to the relatively low operative and maintenance cost [5,6], and other ancillary benefits,
such as sustaining biodiversity [7], climate change mitigation [8], carbon sequestration [9],
hydrological flow regime regulation, public use, education, and habitat conservation [10].

Until now, TW were considered a sustainable technology for wastewater treatment
effective for pollution control of domestic wastewater [11–14], rainwater run-off [15–17],
slaughterhouses [18,19], industrial [20–22] and urban sewage [8,23], and many other types
of polluted waters. However, TW seem to offer a novel and sustainable opportunity to
recover neglected resources coming from the produced biomass which can be used to
produce plant-based materials and fuels.

To use the TW biomass is attractive because of (1) the high primary productivity
reported for plants grown in CW [24], (2) the enhanced capacity for removing pollutants
reported from harvested TW [25,26], and (3) the promising results from previous studies
regarding the potential for producing high-value products from residual biomass through
green biorefining (GBR) processes [2,27,28].

GBR technologies are based on the utilization of plant or other organic materials
to produce different high-value materials that can substitute the petroleum-based mate-
rials such as plastics, fuels, textiles, and chemicals [29,30]. One of the most promising
GBR processes seems to be hydrothermal liquefaction (HTL) technology, which produces
biocrude. The HTL process transforms biomass, using high pressure and high temperature
under subcritical conditions to obtain a combination of biocrude that can produce biofuel,
biochar, gases (mainly CO2), and an aqueous phase (AqP), rich in organic compounds. The
hydrothermal process is essentially similar to how nature has produced fossil fuels over
millions of years, heating aqueous organic slurries at elevated pressures to produce an
energy carrier with increased energy density [31].

The biomass composition used for HTL processes determines the composition and
the yields of the products of the reaction, named biocrude, biochar and AqP. In previous
studies, microalgae (Chlorella) slurry was processed, obtaining 40 wt% biocrude yields [32].
Miscanthus, Spirulina and sewage sludge produced biocrudes with average yields of 26 wt%,
33 wt% and 25 wt%, respectively [33]. Maize, oats, and ryegrass had yields of 27.6 wt%,
25.1 wt%, and 22 wt%, respectively [34]. These observations confirm the fact that the
predictability of biocrude characteristics is still a topic that needs attention [35].

The HTL process was previously evaluated for the valorization of wastewater-treatment
wastes, offering an alternative solution for sludge management. Sludge has been used for
biocrude production, reporting yields from 37 wt% to 43 wt% [36]. Other studies have
evaluated the biocrude production from willow biomass irrigated with wastewaters at
supercritical water conditions (400 ◦C), reporting a yield of 40 wt% [37].

However, none of the previous studies have evaluated the differences in the capacity
of the TW plants for producing biocrude compared with the same plants grown in natural
conditions (NC). This study aims to assess the potential of four of the most used plants in
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TW for producing biocrude through the HTL technology. The study includes a comparison
between the biocrude and biochar yields, as well as the AqP composition, to evaluate
how the TW conditions affect the potential of the plant biomass to be used in a HTL
platform. The energy balance from the biocrude and biochar is also determined to estimate
the potential to produce environmentally friendly renewable biofuels. Additionally, this
research evaluates the AqP composition, including a screening of the content of emergent
pollutants after the HTL reaction, highlighting the potential environmental problems that
can be faced due the complex composition of it. Lastly, a mass balance study is performed
to track the fate of carbon (C) and nitrogen (N) in the HTL process, to assess where in
the environment those elements could potentially end up. When the C and N of the feed
biomass are converted to biocrude, biochar, AqP or a gaseous state, they can later either
be emitted to the atmosphere as a gas if the biochar or biocrude are used as fuels, be
discharged in the water if the AqP is not used in any other process, or be added to the soil
if the biochar is used as a soil amendment acting also as a carbon sequestrator [38–40].

This article is a micro-approach to the development of biofuels from raw materials.
The study assesses the potential of TW biomass to be considered as a source of new, renew-
able biomass to produce biofuels. The biomass from TW is considered sustainable because
it reduces the environmental impact, being grown in sustainably way (in the TW), being
considered until now a residue, and having not conflicted with land use for agricultural
products [1]. TW biomass is considered a by-product with no or low value, but due to
the operational characteristics, is an unlimited source of biomass. Up to our knowledge,
this approach has not been studied. The combined use of TW for wastewater treatment
and biorefinery processes to produce biofuels from the TW biomass can contribute to
reaching the UN sustainable goals dealing with the water management and the recovering
of resource in a circular bioeconomy. The use of biomass that otherwise would be dis-
posed of can contribute to reaching some of the UN goals as follows: “6, clean water and
sanitization”, “7, Affordable and clean energy”, “11, Sustainable cities and communities”,
“12, Responsible consumption and production”, and “13, climate action.” [41].

2. Materials and Methods

2.1. The Plants

During the summer of 2020, four plant species, from two different locations, were
selected and harvested to compare their potential for being used in the HTL process.
Triplicates of individual samples of Iris pseudacorus, Juncus effusus, Phragmites australis, and
Typha latifolia were harvested from two different locations. The first place was a local TW
system located in the Tilst neighborhood in Aarhus, Denmark, (56◦10′20.5” N, 10◦06′21.9”
E). The same plant species were harvested during the same period from Påskehøjgaard
growth facilities of Aarhus University (56◦13′48.7” N, 10◦07′38.3” E), where the plants
were grown under natural conditions (not exposed to pollutants), referred to herein as NC
(natural conditions).

2.2. Ash Content and Fixed Carbon

The plants were dried at 65 ◦C for 72 h to drive off water. Samples of the residue
were cooled, weighed, and combusted at 550 ◦C for 3 h to drive off volatile solids. The
total solids, volatile solids, and ash content were determined by comparing the mass of the
sample before and after each step. The method followed was that of Ref. [42].

A TGA Mettler Toledo SDTA851 was used to analyze the raw materials and biochar
samples. The TGA was operated using a constant heating rate of 10 K min−1 from 50 ◦C to
900 ◦C under nitrogen followed by 10 min under air at constant temperature. A minimum
of 5 mg of the mass sample was placed in the TGA ceramic crucibles. The fixed carbon was
obtained by calculating the mass difference in the sample, between the weight at the air
injection and the final weight in the test.
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2.3. Elemental Analysis

For the CHNS content, the solid and biocrude samples were determined using an
Elementar vario Macro Cube elemental analyzer (Langenselbold, Germany). The protein
content was estimated using a nitrogen Jone’s factor of 6.25 [43].

The higher heating value (HHV) was calculated according to the the Channiwala–
Parikh [44] correlation

HHV
[

MJ
kg

]
= 0.3491C + 1.1783H + 0.1005S − 0.1034O − 0.0151N − 0.0211A (1)

The equation used to calculate the energy recovery of the biocrude, and biochar was:

Energy yield (ηth) =
HHVoil

[
MJ

kgoil

]
·yieldoil

[
kgoil

kgfeed

]

HHVfeed

[
MJ

kgfeed

] × 100 (2)

Energy yield (ηth) =
HHVchar

[
MJ

kgchar

]
·yieldchar

[
kgchar
kgfeed

]

HHVfeed

[
MJ

kgfeed

] × 100 (3)

2.4. Compositional Analysis

The structural carbohydrates and lignin content were determined according to [45].
The value of the hemicellulose is from the addition of the obtained values of xylan, arabinan,
and galactan. The values of lignin were obtained by the addition of the Klason lignin and
the soluble lignin content.

2.5. HTL Reaction

To perform hydrothermal liquefaction of the biomass, and determine the product
yields of bio-crude, gas, solid residue (biochar), and water-soluble products (aqueous
phase), the reactions were carried out at 340 ◦C for 15 min residence time in small bomb-
type 20 mL batch reactors, and no catalyst was used. Biomass slurries were prepared by
mixing 20 wt% and 80 wt% demineralized water. The feedstock consisted of the 8 biomasses
described previously. Reactors were sealed and lowered into a preheated fluidized sand
bath at 340 ◦C, then 20 min reaction time was applied. Subsequently, the reactor were
cooled quickly to ambient temperature in a water bath. The reactors were vented, and
the aqueous phase (AqP) was decanted into a centrifuge tube and centrifuged for 5 min
before the AqP was transferred with a glass pipette to a preparative glass. The AqP was
then stored at 5 ◦C for further analysis. The centrifuge tube was washed with 2 mL of
dichloromethane and the reactor was extracted with around 4 mL of dichloromethane,
which were combined. The dichloromethane phase was vacuum filtered, and the residue
washed with dichloromethane until the filtrate appeared clear. Dichloromethane was
evaporated under a stream of nitrogen until a constant weight. Each experiment was
performed in triplicate and the average values are reported.

2.6. COD, TOC, and TN in Aqueous Phase

AqP samples were analyzed for chemical oxygen demand (COD) content, using
Merck Spectroquant cell. The total organic carbon (TOC) and total nitrogen (TN) of the
AqP samples were analyzed using a scalar FORMACS HT-I TOC/TN analyzer.

2.7. High-Resolution Mass Spectrometry (HRMS) Analysis of the Aqueous Phase

For a broader screening of the chemical composition of the AqP, a liquid chromato-
graph (LC) coupled to a 6600 quadrupole-time-of-flight (QTOF) instrument (SCIEX) was
used. An Acquity UPLC BEH Shield RP18 1.7 μm column (2.1 mm × 30 mm) (Waters) was
used for chromatographic separation. Eluents A and B were water and methanol, both
with 0.1% formic acid, respectively. The chromatographic conditions, as well as detailed
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parameters of the instrument, were similar to those used before [46]. The samples were
injected directly (10 μL) to the LC-QTOF and measured in a data-dependent acquisition
mode (DDA), with a TOF mass range 100–1000 Da, 250 ms accumulation time, and suc-
cessive fragmentation and recording of product ion spectra of the 10 highest peaks for
40 ms each. The samples were measured in positive and negative ionization modes with
electrospray ionization (with ±5300 V ion spray voltage).

The high-resolution MS data were processed with Marker View (SCIEX) for the
molecular feature extraction (feature is defined by exact m/z and retention time), according
to [46]. Briefly, one feature was only considered if present in 3 out of the 3 injected replicate
samples with a mass tolerance of 20 ppm and a retention time tolerance of 0.1 min. All
features present in control blank samples were filtered.

2.8. Statistics

The differences of the analyzed parameter between the two different selected sites
(TW and NC) were analyzed using an ANOVA test. Prior to statistical analysis, all data
were tested for homogeneity of variance by Levene’s test. For clarity, all data are presented
as untransformed values. Post hoc Tukey HSD tests were applied to identify significant
differences between samples. All statistical analyses were conducted in R studio at a
significance level of 0.05 and all figures were prepared in GraphPad Prism 7.00.

For the AqP analysis, a principal component analysis was performed with no weight-
ing and Pareto scaling to analyze the triplicate samples from the 4 plant species, both TW
and NC.

3. Results

3.1. Characterization of Harvested Biomass

The characterization of the biomass is relevant since the composition and yield of
HTL products depend strongly on the type and composition of the biomass used as
feed [39]. A first characterization of the biomass, shown in Table 1, reports the content
of cellulose, hemicellulose, lignin, protein, and ash found in the analyzed biomass. A
second characterization of the biomass, shown in Table 2 shows the results of the elemental
analysis of the feed biomass, reported in C, H, O, N, and S.

From Table 1, it is possible to observe that the cellulose content in the plants did not
differ between the two growing environments, having no significative difference for the
Iris pseudacorus, Phragmites australis and Typha latifolia, and being lower for around 4.5%
for the Juncus effusus, grown in TW. The hemicellulose content had a lower concentration
in the Phragmites australis and Typha latifolia, being lower for around 6.6% and 5% respec-
tively. Regarding lignin content, the plants showed significative differences between both
growing environments, having a lower value in around 0.3% for Iris pseudacorus and Juncus
effusus, grown in TW, and higher concentration in around 0.3% for Phragmites australis and
Typha latifolia grown in TW. The protein content was significantly higher for all the plant
species grown in TW, with differences between 0.5% and 1.4%. Lastly, the ash content
was also higher for all the plant species grown in TW conditions, reporting differences
of 1.6, 1.3, 0.3, and 2.7% for the Iris pseudacorus, Juncus effusus, Phragmites australis and
Typha latifolia, respectively.

Regarding the elemental analysis of the biomass, only the N content was higher for all
the TW plants. The rest of the elements in the plants did not present significant differences
or showed lower concentration in the plants grown in TW. For Juncus effusus, Phragmites
australis, and Typha latifolia, the C content was lower in the TW plants. For Phragmites
australis and Typha latifolia, the H content was lower in the TW, and the O was lower in the
TW for Iris pseudacorus, being that the S in the Iris pseudacorus was the only element and
plant that showed a higher content for the TW.

This confirms that the composition of the plants grown in TW is not negatively affected
due to the presence of wastewater, comparable to other plants grown as a biological source
for the production of biofuels grown under natural conditions.

297



Energies 2021, 14, 8157

T
a

b
le

1
.

C
el

lu
lo

se
,h

em
ic

el
lu

lo
se

,l
ig

ni
n,

an
d

pr
ot

ei
n

co
nt

en
ti

n
th

e
se

le
ct

ed
pl

an
ts

fo
r

th
e

di
ff

er
en

tg
ro

w
in

g
en

vi
ro

nm
en

ts
.

P
la

n
t

D
e

sc
ri

p
ti

o
n

C
e

ll
u

lo
se

(%
)

H
e

m
ic

e
ll

u
lo

se
(%

)
L

ig
n

in
(%

)
P

ro
te

in
(%

)
A

sh
(%

)
T

W
N

C
T

W
N

C
T

W
N

C
T

W
N

C
T

W
N

C

1
Ir

is
ps

eu
da

co
ru

s
37

.6
±

2.
6

=
38

.9
±

0.
4

17
.8
±

4.
5

=
14

.6
±

1.
7

5.
6
±

0.
4

↓
5.

8
±

0.
6

4.
8
±

0.
5

↑
3.

5
±

0.
3

8.
6
±

0.
0

↑
7.

0
±

0.
0

2
Ju

nc
us

ef
fu

su
s

36
.9
±

2.
6

↓
41

.5
±

4.
9

32
.8
±

2.
1

=
32

.3
±

1.
0

5.
8
±

0.
6

↓
6.

2
±

0.
7

6.
7
±

0.
7

↑
4.

5
±

0.
3

5.
0
±

0.
2

↑
3.

7
±

0.
0

3
Ph

ra
gm

ite
s

au
st

ra
lis

35
.0
±

4.
3

=
37

.2
±

1.
1

21
.0
±

4.
6

↓
27

.6
±

2.
9

5.
9
±

0.
5

↑
5.

6
±

1.
0

7.
2
±

0.
2

↑
6.

4
±

0.
4

5.
0
±

0.
0

↑
4.

7
±

0.
0

4
Ty

ph
a

la
tif

ol
ia

41
.4
±

4.
0

=
37

.9
±

3.
8

17
.2
±

4.
7

↓
22

.2
±

5.
3

7.
1
±

2.
4

↑
5.

8
±

1.
9

5.
8
±

0.
6

↑
4.

7
±

0.
2

8.
5
±

0.
1

↑
5.

8
±

0.
1

↑I
nd

ic
at

es
a

po
si

ti
ve

ef
fe

ct
of

th
e

TW
in

th
e

co
nc

en
tr

at
io

n
of

th
e

re
po

rt
ed

el
em

en
t.
↓I

nd
ic

at
es

a
ne

ga
ti

ve
ef

fe
ct

of
th

e
TW

in
th

e
co

nc
en

tr
at

io
n

of
th

e
re

po
rt

ed
el

em
en

t.
=

In
di

ca
te

s
a

no
t

si
gn

ifi
ca

ti
ve

ef
fe

ct
of

th
e

TW
in

th
e

co
nc

en
tr

at
io

n
of

th
e

re
po

rt
ed

el
em

en
t.

T
a

b
le

2
.

C
,H

,O
,N

,S
co

nt
en

ti
n

th
e

se
le

ct
ed

pl
an

ts
fo

r
th

e
di

ff
er

en
tg

ro
w

in
g

en
vi

ro
nm

en
ts

.

P
la

n
t

D
e

sc
ri

p
ti

o
n

C
[%

]
H

[%
]

O
[%

]
N

[%
]

S
[%

]
T

W
N

C
T

W
N

C
T

W
N

C
T

W
N

C
T

W
N

C

1
Ir

is
ps

eu
da

co
ru

s
42

.4
±

0.
2

=
41

.4
±

0.
1

6.
4
±

0.
1

=
6.

5
±

0.
0

41
.8
±

0.
2

↓
44

.6
±

0.
2

0.
7
±

0.
0

↑
0.

5
±

0.
0

0.
2
±

0.
1

↑
0.

0
±

0.
0

2
Ju

nc
us

ef
fu

su
s

43
.9
±

0.
1

↓
45

.5
±

0.
2

6.
5
±

0.
1

=
6.

7
±

0.
1

43
.4
±

0.
3

=
43

.4
±

0.
2

1.
1
±

0.
1

↑
0.

7
±

0.
0

0.
1
±

0.
0

=
0.

1
±

0.
0

3
Ph

ra
gm

ite
s

au
st

ra
lis

44
.9
±

0.
0

↓
46

.1
±

0.
1

6.
4
±

0.
1

↓
6.

7
±

0.
0

42
.4
±

0.
0

=
41

.2
±

0.
1

1.
2
±

0.
0

↑
1.

1
±

0.
0

0.
2
±

0.
1

=
0.

2
±

0.
0

4
Ty

ph
a

la
tif

ol
ia

41
.9
±

0.
2

↓
45

.4
±

3.
5

6.
1
±

0.
1

↓
6.

6
±

0.
5

42
.6
±

0.
2

=
41

.4
±

4.
2

0.
9
±

0.
0

↑
0.

8
±

0.
0

0.
1
±

0.
0

=
0.

0
±

0.
0

↑I
nd

ic
at

es
a

po
si

ti
ve

ef
fe

ct
of

th
e

TW
in

th
e

co
nc

en
tr

at
io

n
of

th
e

re
po

rt
ed

el
em

en
t.
↓I

nd
ic

at
es

a
ne

ga
ti

ve
ef

fe
ct

of
th

e
TW

in
th

e
co

nc
en

tr
at

io
n

of
th

e
re

po
rt

ed
el

em
en

t.
=

In
di

ca
te

s
a

no
t

si
gn

ifi
ca

ti
ve

ef
fe

ct
of

th
e

TW
in

th
e

co
nc

en
tr

at
io

n
of

th
e

re
po

rt
ed

el
em

en
t.

298



Energies 2021, 14, 8157

3.2. HTL Yields

Table 3 presents the biocrude yields obtained from the different reactions and biomass.
Biocrude yields presented a significative difference only for the Typha latifolia, which
reported a lower biocrude yield (−6%) in the TW plants. For the biochar, the differences
were significant for almost all the plant species, decreasing the yields in the case of Iris
pseudacorus and Juncus effusus, and increasing it for the Phragmites australis, grown in TW,
without any difference for Typha latifolia. The results suggest that the yields of biochar are
more sensible than the yields of biocrude to the plant species and composition.

Table 3. Fraction yields for all the selected plant for the different growing environments after HTL reaction.

Plant Description
Biocrude (%) Biochar (%) AqP (%) Gas (%)

TW NC TW NC TW NC TW NC

1 Iris pseudacorus 25.6 ±1.2 = 29.6 ± 6.5 12.4 ± 2.4 ↓ 22.0 ± 3.3 16.5 ± 8.4 16.7 ± 3.5 26.6 ± 3.7 32.0 ± 5.8
2 Juncus effusus 31.7 ± 2.6 = 33.9 ± 3.1 14.5 ± 0.7 ↓ 17.4 ± 1.4 31.2 ± 18.7 22.7 ± 18.8 22.6 ± 18.4 27.1 ± 13.7
3 Phragmites australis 26.3 ± 6.2 = 28.6 ± 0.5 23.3 ± 1.7 ↑ 19.3 ± 3.0 21.6 ± 6.4 20.8 ± 6.2 26.8 ± 3.1 31.4 ± 5.4
4 Typha latifolia 31.6 ± 8.9 ↓ 37.6 ± 7.9 18.7 ± 0.2 = 19.3 ± 6.2 20.1 ± 6.5 15.5 ± 6.9 30.3 ± 5.1 47.9 ± 7.7

↑ Indicates a positive effect of the TW in the concentration of the reported element. ↓ Indicates a negative effect of the TW in the
concentration of the reported element. = Indicates a not significative effect of the TW in the concentration of the reported element.

In general, it is expected that the biocrude formation follows the trend lipids/fats >
proteins > carbohydrates [40]; nonetheless, it is possible to observe from the results of this
study that this trend does not fit with the results obtained from the lignocellulosic analyzed
biomass. From Figure 1, it is possible to observe that the biomass with the highest content
of protein is not the ones with the highest biocrude or biochar yields, e.g., meanwhile,
the plant 3A (Phragmites australis grown in TW) is the one with the highest content of
protein, the biocrude yield is one of the lowest, and the biochar yield one of the highest.
It is important to highlight that the differences in protein content in the biomass, do not
represent an increase larger than 3.5% between the protein content of the plant with the
highest content and the lowest. Additionally, the highest protein content of all species is
7%, meaning that protein has a relatively small contribution to the overall bio-crude yield;
hence, the slight change in protein contents amongst samples does not follow the general
trend of biocrude lipids/fats > proteins > carbohydrates.

It was described that the C5 and C6 carbohydrates (from cellulose and hemicellulose)
tend to produce mainly biochar in the HTL reactions [31], but according with the obtained
results, the plants with the highest content of cellulose (plant 2B and 4A) did not report
the highest yield of biochar. In other case, the plant with the highest biochar yield (3A)
reported the highest content of protein but the lowest content of cellulose.

From the particular plant analysis, it is not possible to observe any pattern, e.g.,
in the case of Phragmites australis, which reported a significative lower concentration of
hemicellulose in the TW plants, the biochar yield was significantly higher, and for Typha
latifolia, even the lower concentration of hemicellulose in the TW plants, the biochar yield
did not show significative differences.

Nevertheless, the results do not contradict the results from other authors since the
feed biomass is not a uniform mass with a completely known content. On the contrary,
lignocellulosic biomasses are complex systems, with some unknown components, and
even though is possible to know the generality of them, when the biomass is forced to react
under HTL conditions, all the present elements have a role in the reaction and interfere
with the final biocrude and biochar yields and composition.

The interaction in the HTL between the protein, the saccharide and the lignin were
studied previously. A study mixed soya with cellulose, xylan, and alkaline lignin to model
the interactions of the protein with the other elements, reaching models with an accuracy of
around 94% [47]. Some others have studied synergistic effects between the lignocellulosic
biomass compounds, reporting that mixtures of protein and cellulose, protein and xylose,
cellulose and lignin, and xylose and lignin seem to have synergistic effects on biocrude
yield, and mixtures of soybean oil and lignin showed an antagonistic effect [48]. The
results seem to confirm the synergistic effect between the protein and cellulose, lignin, and
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hemicellulose. Figure 1 shows that plants with the higher lignin and protein and low ashes,
such as 2A and 2B, report biocrude yields over 30%.

Figure 1. Heat map comparing feed composition and HTL fractions yields. The values in each
square are the mean content of each parameter named in the columns. The content is reported in
mass fraction (%). In the rows, the numbers refer to each plant species named: 1, Iris pseudacorus;
2, Juncus effusus; 3, Phragmites australis; and 4, Typha latifolia. The letters A and B refer to the growing
environments: A = TW, and B = NC environment.

The predictably of the HTL fraction yields still needs to be studied further. This
study can elucidate how the lignocellulosic biomass, even with no significative differences
regarding its composition, can produce different yields. Nonetheless, and despite the
differences, the results are consistent with previous studies regarding biocrude, and biochar
yields produced from lignocellulosic biomass. The yields, in all the cases, range from
25.6 ± 1.2% to 37.6 ± 7.9% for biocrude, and from 12.4 ± 2.4% to 23.3 ± 1.7% for the
biochar, which correspond with previous studies about cellulosic biomass used in the
HTL reaction, such as biocrude yields of 26% obtained from Miscanthus [33], 22% reported
for ryegrass [34], or the yield of 39.7% reported for willow biomass at supercritical water
conditions (400 ◦C) [37].

These results are important because they provide new information from the simulta-
neous evaluation of different plant species of different composition for producing biocrude
and the different HTL subproducts (biochar, AqP, and gases), showing that even with plants
with different composition, the biocrude yields are consistent and comparable. However,
the results also indicate that the predictions about biocrude yields can be more effective if
they are made based on the plant species more than the specific composition. There is no
significative difference between the biocrude yield from plants of the same species grown
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in TW or NC, but a difference between plant species was found, being that Juncus effusus
and Typha latifolia are the most attractive plants for the production of biocrude.

3.3. Characterization of the HTL Products
3.3.1. Biocrude and Biochar

From Tables 4 and 5 is observed that the N, C, and S content in the plants is densified in
the biocrude and biochar, the H is densified only in the biocrude, and O decreases its density
in both, biocrude and biochar, this pattern being consistent with previous studies. The N
content in the produced biocrude from TW plants seems to have a lower concentration
than biocrudes previously studied, e.g., biocrude obtained from Miscanthus [33] reported
N content from 1.0% to 1.6%, which is a higher concentration than that obtained in this
study, from 0.5% to 1.2%. Additionally, the O reported for the biocrude in this study
is also higher than the 17.7% reported for the biocrude obtained from Miscanthus in the
same reference. These differences in the elemental analysis influence the HHV of the
biocrudes, and together with the product yield can define the global value or potential of
the studied biocrudes.

Table 4. C, H, O, N, and S content in the biocrude produced by the selected plants for the different growing environments.

Plant Description
C [%] H [%] O [%] N [%] S [%]

TW NC TW NC TW NC TW NC TW NC

1 Iris pseudacorus 66.9 ± 11.4 58.3 ± 24.0 7.37 ± 0.6 9.4 ± 3.1 22.9 ± 12.0 30.8 ± 27.8 2.6 ± 0.0 1.5 ± 0.6 0.3 ± 0.0 0.1 ± 0.1
2 Juncus effusus 61.4 ± 3.8 49.1 ± 27.4 8.61 ± 0.5 5.1 ± 2.8 27.6 ± 3.9 44.0 ± 31.2 1.6 ± 0.1 1.6 ± 0.9 0.8 ± 0.4 0.2 ± 0.2
3 Phragmites australis 69.4 ± 4.3 63.2 ± 6.2 8.47 ± 0.9 7.6 ± 0.7 18.7 ± 4.2 26.9 ± 6.7 3.2 ± 0.1 2.1 ± 0.4 0.3 ± 0.2 0.2 ± 0.0
4 Typha latifolia 64.9 ± 5.3 63.5 ± 10.9 8.38 ± 0.4 8.4 ± 0.7 24.0 ± 6.2 26.3 ± 12.1 2.5 ± 0.9 1.6 ± 0.5 0.2 ± 0.1 0.2 ± 0.1

The results offer new information regarding the distribution of elements in the differ-
ent plant species used in TW. The higher amount of N from the TW plants results in higher
concentration of N in the resultant biocrude and the biochar. This is relevant for future
studies as well as for the refining of the biocrude since excess N can affect the quality and
can potentially generate N emissions.

3.3.2. Aqueous Phase

The elements that constitute this HTL fraction are multiple and with an undefined
number of chemicals. In this study, a first approach to the chemical content of the AqP was
done using referential parameters as TN, TOC, IC, and COD to determine total nitrogen,
the organic, and inorganic carbon content, and the COD as a reference of the polluting
potential of the AqP. Then, a second evaluation was performed, using LC-HRMS analysis
to compare how different or similar the different samples were, regarding the chemical
content, using a full in-depth analysis of the full dataset and characterization of the features
considered outside the scope of the present work.

Table 6 shows the obtained values for the COD, TOC, TN, and IC in the AqP obtained
from each plant and site. It is possible to observe that IC was not present in any of the cases,
being that organic carbon was the only kind of detected carbon. The highest value for
COD was reported for Iris pseudacorus grown in NC (69 g/L) and the lowest was obtained
for Iris pseudacorus grown in TW (47 g/L). The highest TOC was obtained for Phragmites
australis grown in TW (21 g/L), and the lowest was reported for Juncus effusus grown in
TW (17.4 g/L). The highest TN concentration was obtained for Iris pseudacorus grown in
TW (1.1 g/L), and the lowest was reported for Phragmites australis grown in NC (0.7 g/L).
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Table 5. C, H, O, N, S and ash content in the biochar produced by the selected plants for the different growing environments.

Plant Description
C [%] H [%] O [%] N [%] S [%] Ash [%]

TW NC TW NC TW NC TW NC TW NC TW NC

1 Iris pseudacorus 61.9 ±
1.6

63.8 ±
1.4

4.4 ±
0.2

4.7 ±
0.2

11.0 ±
5.5

21.3 ±
0.6

2.7 ±
0.2

1.8 ±
0.1

1.6 ±
0.2

0.2 ±
0.1

17.8 ±
3.5

11.9 ±
2.4

2 Juncus effusus 70.4 ±
0.1

70.5 ±
0.1

4.6 ±
0.2

4.5 ±
0.1

13.0 ±
0.4

13.3 ±
0.6

2.2 ±
0.1

2.7 ±
0.1

0.3 ±
0.1

0.7 ±
0.1

8.2 ±
1.0

11.1 ±
6.2

3 Phragmites
australis

67.7 ±
1.2

70.5 ±
1.2

4.6 ±
0.1

4.7 ±
0.4

15.6 ±
1.4

21.6 ±
1.3

3.6 ±
0.1

2.8 ±
0.4

0.2 ±
0.0

0.4 ±
0.1

9.5 ±
0.9

7.5 ±
0.1

4 Typha latifolia 69.0 ±
1.1

69.0 ±
1.5

4.6 ±
0.2

4.9 ±
0.3

23.8 ±
1.6

24.0 ±
1.4

2.3 ±
0.5

1.9 ±
0.6

0.2 ±
0.1

0.2 ±
0.1

8.3 ±
0.4

7.7 ±
1.8

Table 6. Pollutant analysis in the AqP produced after the HTL by the selected plants for the different growing environments.

Plant Description
COD (g/L) TOC (g/L) TN (g/L) IC (g/L)

TW NC TW NC TW NC TW NC

1 Iris pseudacorus 47.0 ± 4 ↓ 69.0 ± 3 18.8 ± 0 ↑ 17.6 ± 1 1.1 ± 0.1 = 1.0 ± 0.1 BLD BLD
2 Juncus effusus 57.0 ± 2 ↑ 49.5 ± 2 17.4 ± 1 ↓ 19.4 ± 1 0.9 ± 0.1 ↓ 1.1 ± 0.4 BLD BLD
3 Phragmites australis 54,5 ± 2 ↑ 48.7 ± 4 21.0 ± 2 ↑ 18.1 ± 0 1.3 ± 0.8 ↑ 0.7 ± 0.0 BLD BLD
4 Typha latifolia 57.7 ± 2 = 55.2 ± 7 18.3 ± 1 ↑ 17.5 ± 1 1.3 ± 0.2 ↑ 0.9 ± 0.4 BLD BLD

↑ indicates a positive effect of the TW in the concentration of the reported element. ↓ Indicates a negative effect of the TW in the
concentration of the reported element. = Indicates a not significative effect of the TW in the concentration of the reported element. BLD:
below limit of detection.

It is possible to observe from all the comparisons a high heterogeneity between all
the cases. The COD concentration for Typha latifolia did not show a significative difference
between the TW and NC environments. On the contrary, the COD concentration for Juncus
effusus and Phragmites australis was higher in the TW with a corresponding negative effect
on the water quality and eventually on the environment. Lastly, it was observed for Iris
pseudacorus, and Salix viminalis a lower COD concentration in the TW AqP compared with
the concentration of the NC one.

The statistical analysis shows significative differences between all the cases regarding
TOC concentration. Only two comparisons, 1B–4B and 2A–4B, did not show a significative
difference, observing no tendency in the TOC concentrations.

The high values of TOC, TN, and COD in the AqP are important and demand special
attention since the reported values are high when compared with regular wastewater. For
example, while the AqP of the present experiment reports COD values between 47 g/L
and 69 g/L, the municipal wastewater COD is in the range of 0.3 g/L to 1 g/L, and after
biological treatment, the COD drops to 0.02–1.0 g/L [49]. It means that the concentration of
pollutants in the AqP is up to 70 times higher than regular wastewater. The AqP results with
transformation products of aromatic and other organic compounds. The study presents an
initial screening of these compounds to the composition of this AqP, showing the relation
between the plants used, and the compounds that are present in the liquid. The AqP should
receive special attention since is the phase that is the least known regarding the compounds
that constitute it, which can be evaluated for further use.

3.3.3. LC-HRMS Analysis of the Aqueous Phase

The complexity of the LC-QTOF-MS dataset was reduced by the application of a PCA
analysis shown in Figure 2 and Supplementary Materials. The PCA results showed that the
three replicates of each sample type are in general grouped, stressing the reproducibility
of the different processed reactions in the HTL. The major differences between samples
are due to plant species (e.g., 1 Iris pseudacorus vs. 3 Phragmites australis), meaning that the
type of biomass fed in the HTL reactors produced an aqueous phase of different chemical
composition. The Iris pseudacorus (1) samples seemed more different than all others, while
those from Typha latifolia (4), as well as Juncus effusus (2) and Phragmites australis (3), tended
to be more similar. Moreover, it is also clear that for the same plant type, plants sourced in
treatment wetlands generated a different aqueous phase than that from natural systems
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(e.g., 1A vs. 1B or 3A vs. 3B). These difference between TW and NC is especially marked
for Iris pseudacorus (1), Juncus effusus (2) and Phragmites australis (3).

The high heterogeneity in the AqP points to the fact that each plant species, depending
on the growing environment, have the potential to produce certain components in the AqP.
This is confirmed by the LC-HRMS analysis, which shows that not only the type of plant,
but also the growing environment conditions the composition of the AqP.

This characterization is useful also because HTL could have the potential to treat
biomass polluted with a specific kind of persistent components. It would be interesting
for further studies to evaluate how the HTL process deals with biomass that have already
uptaken persistent pollutants. Previous studies have evaluated the potential of HTL to
degrade pesticides and pharmaceutical compounds, due to the reactions at supercritical
conditions [50] and this kind of component being present in treatment sludges [44] or in
wetland biomass [45], with promising results.

Figure 2. PCA plot from the LC-QTOF-MS dataset.

3.4. Energy Balance

The relation between the different components in the biomass, named C, H, N, S,
O, and ash, determine the HHV of the analyzed biomass, and the relation between these
compounds and the obtained yields of the different HTL fractions determine their energy
yields (ηth). The energy yield, then, is a reference parameter about the potential of a
feedstock to be used for producing biocrude and biochar through HTL reactions. From
the obtained results (shown in Table 7), it is possible to observe that there is no significant
difference between the biocrude energy yields for the same species grown in the two
different environments, TW and NC. Conversely, the biochar energy yield seems to be more
sensible to the biomass composition, it being possible to observe that two of the TW plants,
Iris pseudacorus and Phragmites australis, produced biochar with a significative difference of
energy yield compared with the plants grown in NC. However, these differences point to
two different directions: while the biochar obtained from Iris pseudacorus in the TW had a
lower energy yield, the one obtained from Phragmites australis produced a higher one.
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Figure 3 shows that since the HHV is more homogeneous for all the studied plants,
the element which generates the difference in the energy yields is the biocrude or biochar
yield. It points to the fact that the combination between all the big chemical structures in
the biomass, named structural sugars, lignin, and protein, is more relevant for the global
potential of a feedstock than the molecular composition (amount of C, H, O, N, and S). It
can be a direct consequence of the chemical reactions that take place in the HTL process
because the elements do not interact directly but are associated with different molecules,
which dictate the chemical pathway. Additionally, the high molecular weight of the organic
compounds contains a lot of energy because of the many chemical bonds between the
elements, particularly carbon, in the molecules, where other elements, such as N and S, are
more loosely bound, which may even occur in inorganic forms.

Figure 3. Heat map comparing the energy yields of the obtained biocrude and biochar. The HHV is
reported in MJ/kg and the yields in %. In the rows, the numbers refer to each plant species: 1, Iris
pseudacorus; 2, Juncus effusus; 3, Phragmites australis; and 4, Typha latifolia. The letters A and B refer to
the growing environments: A = TW, and B = NC environment.

TW conditions do not seem to affect significantly the biocrude energy yield. For the
same plant species in different environments, the biocrude energy yield does not present
significative differences. However, Figure 2 shows significative differences between the
energy yield reported by different plant species. The results suggest that for the biocrude
energy yield, it is more important to select a species with higher biocrude yield (associated
with the content of specific molecules) than the influence of the TW environment and its
effect on the presence of the different elements. On the other hand, it seems that some plant
species tend to produce different energy yields for the biochar, being relevant, in some
cases, even if grown in the same place, to the conditions where they grow.

From the biofuel and bioeconomy perspective, it is relevant to make an assertive
selection of the plants used in the TW in order to obtain higher energy yields in possible
later biocrude production from these biomasses. This study presents for the first time an
energy balance to approach which plant species, commonly used in TW, are more attractive
for biocrude production, with Typha latifolia and Juncus effusus being the most attractive for
this purpose.

3.5. Mass Balance
Carbon Balance

Table 8 shows how C is distributed in the different HTL products, biocrude being
the fraction accumulating the highest portion, reporting values from 35% for the Juncus
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effusus grown in NC, to values of around 59% for Typha latifolia grown in NC, with a global
average of 43.4%. The biochar reported values from around 18% to around 35% for Iris
pseudacorus in TW and Phragmites australis in TW, respectively, with a global average of
28.5%. The AqP is the third phase that accumulates the most C, reporting values from
around 17% for Juncus effusus in TW to around 20% for Iris pseudacorus in TW, having a
global average of 18.5%. Lastly, the gas phase reported values from around 3.5% to 21.2%,
and an average of 10.1%.

Table 8. Carbon balance 1 for the different HTL fractions obtained from the selected plants and the different growing
environment.

Plant
Description

Biocrude Biochar AqP 3 Gas 2

TW NC TW NC TW NC TW NC

Iris pseudacorus 40.5 ± 8.5 = 44.1 ± 28.5 18.2 ± 4.0 ↓ 33.9 ± 5.7 20.1 ± 0.4 ↑ 18.4 ± 0.7 21.2 ± 4.7 3.5 ± 24.0
Volatile C 10.2 ± 1.7 20.2 ± 3.7
Fixed C 7.6 ± 2.3 ↓ 13.0 ± 2.0

Juncus effusus 44.3 ± 2.4 = 35.4 ± 18.2 23.2 ± 1.3 = 27.1 ± 2.2 16.7 ± 1.4 ↓ 18.3 ± 0.5 15.8 ± 4.0 19.2 ± 17.6
Volatile C 12.2 ± 1.2 13.2 ± 1.3
Fixed C 10.7 ± 2.5 ↓ 13.6 ± 0.9

Phragmites
australis 40.2 ± 7.0 = 39.1 ± 4.4 35.2 ± 3.0 ↑ 29.5 ± 5.0 19.5 ± 1.7 ↑ 16.8 ± 1.3 5.1 ± 6.3 14.6 ± 0.9

Volatile C 18.3 ± 2.0 15.2 ± 2.1
Fixed C 16.5 ± 0.9 ↑ 13.8 ± 2.8

Typha latifolia 49.6 ± 17.4 = 53.4 ± 16.6 30.8 ± 0.6 = 29.7 ± 11.4 18.5 ± 0.2 ↓ 19.5 ± 5.9 1.1 ± 17.1 0.6 ± 21.8
Volatile C 15.9 ± 0.5 15.1 ± 4.9
Fixed C 14.4 ± 0.2 = 14.1 ± 6.1
Mean 43.4 28.5 18.5 10.1

SD 13.9 6.9 2.3 14.7

1 The values are reported in % in reference to the amount of carbon present in the biomass feed. 2 The value of gas is the difference between
100% and the addition of the biocrude, biochar and AqP fractions; it means gas = 100 − (biocrude + biochar + AqP). 3 The value is obtained
from the TOC concentration in the AqP and the amount of water in the reaction. ↑ indicates a positive effect of the TW in the concentration
of the reported element. ↓ indicates a negative effect of the TW in the concentration of the reported element. = indicates a not significative
effect of the TW in the concentration of the reported element

Regarding the fixed carbon, it is possible to observe that the highest value of fixed car-
bon was found for Phragmites australis grown in TW (16.5%) and the lowest was reported for
Iris pseudacorus in the NC (7.6%). The statistical analysis for the comparison of fixed carbon
in the different biochar shows for Iris pseudacorus, Juncus effusus, and Phragmites australis a
significative difference in the fixed carbon content between the plants grown in TW and
the ones grown in NC. The TW showed a positive effect in the fixed carbon content for the
Phragmites australis, and a negative effect on the Iris pseudacorus and Juncus effusus. Typha
latifolia did not show significative differences between the two growing environments.

4. Conclusions

The results of this study show that biomass from TW is suitable for biocrude produc-
tion. In general, the TW conditions did not affect the biocrude yields of the HTL reaction;
however, the biochar yield seems to be more sensitive to the biomass composition, showing
yield differences between both environments, TW and NC, and those differences are more
evident between plant species. The amount of fixed carbon in the biochar also seems
to depend on the plant species, showing also differences between the growing environ-
ments. Lastly, the AqP composition showed to be different according with the growing
environment and the plant species. This was confirmed by LC-HRMS analysis performed.

The biomass produced in TW can produce biochar and biocrude in similar amounts
to the plants grown in NC, being a suitable source of sustainable biomass to be used in
biorefinery processes, which demand, based on the bioeconomy concepts, sustainable
and sources of biomass. The environmental value of the TW plants lies in the fact that
the biomass is considered a residual product and up to now, no aggregated value has
been found from this wastewater treatment; the plants capture the CO2 that later can be
emitted by the combustion of the biofuels, and to produce these TW plants, no extra land
or nutrients are needed for growing the plants.
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However, further studies dealing with the primary production of the plants, HTL
pathways, uses of the AqP, and alternatives to treat the AqP are needed. Additionally,
and to increase the global impact of the study, it would be relevant to select other species
used in TW, especially for systems running in warm and tropical countries where TW
are becoming widely used. The approach from this study can transform the wastewater
treatment process into a productive system, simultaneously improving water quality and
generating resources.

Lastly, the use of the HTL technology represents new environmental concerns, such as
the management of the AqP, which has up to 70 times the pollutant concentration found in
typical municipal wastewater. In this context, it seems that it is necessary to explore more
and new biorefining process to produce from the AqP new products that take advantage of
the high concentration of N and C.

This study is evidence of the possibilities of the circular economy concepts, where the
biomass that already has been used for treating wastewater in a previous and sustainable
way can be used and re-used not only once, but many more times. Moreover, it shows that
the use of sustainable sources of biomass for producing biofuel and later bioenergy allows
to bring to the present the future externalities caused by fossil fuels, which are even cheaper
in present value and have a high cost because of the future environmental externalities.

Lastly, the study supports the bioeconomy values, where environmental externalities
are controlled and managed in the present time. This model can create an invisible self-
regulated system, compared to and readapted from the concept of the invisible hand
of Adam Smith [1], where the development is invisibly controlled by the capacity of the
systems to keep and control in the present, using sustainable resources for energy and goods
production, the environmental externalities for their activities, avoiding the inheritance of
environmental problems by the future generations because of present actions.
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Abstract: The bioenergy sector in Nigeria currently lacks a proper assessment of resource availability.
In this study, we investigated the bioenergy potential of agricultural residues and municipal solid
and liquid waste using data from 2008 to 2018, and we applied a computational and analytical
approach with mild assumptions. The technical potential for the production of cellulosic ethanol
and biogas was estimated from the available biomass. It was discovered that higher energy was
generated from biogas than cellulosic ethanol for the same type of residue. The available crop residue
technical potential of 84 Mt yielded cellulosic ethanol and biogas of 14,766 ML/yr (8 Mtoe) and
15,014 Mm3/yr (13 Mtoe), respectively. Biogas has diverse applications ranging from heat to electric
power generation and therefore holds great potential in solving the current electricity crisis in Nigeria.
It will also position the nation towards achieving the 7th sustainable development goal (SDG 7) on
clean and affordable energy.

Keywords: biomass; residues; cellulosic ethanol; bioenergy potential; biogas

1. Introduction

Biomass from agricultural products is abundant, and it has a strong potential for
sustainable renewable energy generation [1]. Currently, biomass is responsible for about
14% of the primary energy consumed globally [2]. Agricultural residues from crops and
forestry can be converted to energy carriers (solid fuel, biogas, and cellulosic ethanol)
through several techniques. They have found applications in transport fuels, electricity,
and heat generation [3].

Nigeria depends principally on fossil fuels (about 86%) and hydropower plants for
electricity generation [4]. The overdependence on fossil fuels has negative implications for
environmental sustainability [5,6]. The lack of diversity and the high power demand are
factors leading to inconsistency in the electricity supply in the country. Therefore, there is a
need to adopt green energy sources with less environmental impact that will complement
the hydro-plants, thereby decreasing pollution arising from the combustion of fossil fuels.
Although Nigeria has a high population (over 200 million) and agricultural production,
due to economic problems and lack of proper assessment of available biomass [7], there
has not been significant progress in transitioning to renewable energy sources.

Jekayinfa and Scholz [8] estimated residues generated from nine crops in Nigeria
for 2000–2004. Their findings were restricted to only crop residues and for five years. In
the same vein, Simonyan and Fasina [9] estimated the bioenergy potential of residues
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from crops, perennial plantation, forestry, animal waste, and urban municipal waste in
Nigeria using data for 2010 only. However, their study did not relate the estimated energy
potential to a specific energy carrier. Alhassan et al. [10] used five crop residues obtained
in Kwara State, Nigeria, to estimate the energy potentials for power solutions. In their
assessment, they used theoretical potential values rather than the technical potential for
these residues. The challenge is the limitation imposed by the use of the latter potential
due to its unreliability for energy application [11]. Therefore, there exists a knowledge gap
in adequately quantifying the bioenergy potential.

The present work aimed at estimating the total energy obtainable from agricultural
residues (crops, forests, and livestock) and municipal waste for biofuel application. We
investigated an 11-year (2008–2018) span to arrive at a holistic perspective and mean-
ingful conclusions. Specifically, we adopted a computational/analytical approach to
determine the bioenergy potential from cellulosic ethanol and biogas. In conclusion, we
highlighted some possible challenges to the generation of bioenergy and implications on
the bio-economy of Nigeria, and we made recommendations. Our findings are relevant to
stakeholders, investors, and organisations in the sustainable environment and renewable
energy sector for the government to adopt best practices towards the diversification of
electric power generation in Nigeria.

2. Materials and Methods

2.1. Case Study

In this study, biomass resources in Nigeria were evaluated. These resources include
crop residues, forest residues, livestock dung, and municipal waste generated in the
country. The residue availability and bioenergy potential were assessed based on a resource-
focused computational and analytical approach, using the technical potential generated
from residue produced in year the 2008–2018. Data were sourced from the Food and
Agriculture organization of the United Nations statistics (FAOSTAT) database [12]. The
bioenergy potential of residues was estimated statistically. Although this method is simple,
reproducible, low cost, and transparent, it is deficient in accounting for the economic
dimensions required for evaluating the availability of land for energy crop production,
the impact of bioenergy production on the environment, as well as social constraints for
some key factors that elucidate the influence on soil, biodiversity, climate, cost, and other
macro-economic factors on bioenergy potential.

The conceptual framework for the research is shown in Figure 1. The biomass residues
are classified as agricultural residues and municipal waste. The various agricultural
residues considered included crops (soya beans, seed cotton, sugar cane, sorghum, plantain,
groundnut, coconut, rice, cocoa, millet, cowpea, cassava, yam, sweet potatoes, cocoyam,
maize, and oil palm), forests (round wood processing such as logging, sawing, and timber
processing), and livestock (dung from cattle, chicken, goats, pigs, and sheep). Solid and
liquid municipal waste generated was evaluated from the estimated population of 16 major
cities, which represents the four geographical regions in Nigeria. Suitable conversion
technologies were computationally implemented to transform these residues and wastes
into energy carriers, which include solid fuel (from crude crop residues), cellulosic ethanol
(from forest and crop residues), and biogas (from the forest, crop residues, livestock,
and municipal solid and liquid waste). It is worth noting that in this work, primary
biomass (wood fuel and staple crops) was not considered because their conversion to
energy carriers is detrimental to the environment (soil status, biodiversity, climate change)
and food security. Additionally, certain energy crops (such as Jatropha curcas), grasses
(e.g., switchgrass and seaweeds), and microfauna (such as algae) were excluded due to the
limitation of certified or reliable data. Table 1 shows the categories of residues considered
in this assessment.
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Figure 1. Analytical framework for estimating cellulosic ethanol and biogas from residues.

Table 1. Categories of biomass resources used for the bioenergy potential assessment.

S/N Class of Residues Category Examples

1 Agricultural residues
Primary by-product All residues from crops (Table 2),

during harvesting

Secondary residues All crop residues during processing
(Table 2)

Tertiary residues Municipal solid waste (MSW) and
municipal liquid waste (MLW)

2 Forest residues
Primary by-product Wood bark and wood slab
Secondary residues Sawdust

3 Livestock Primary by-product Manure

2.2. Crop Residues

The crop residues investigated were resources from existing farmlands. However,
some assumptions (Section 2.2.1) were made to account for the key parameters for sus-
tainability. Table 2 shows the annual crop production in Nigeria; data were obtained from
the FAOSTAT database [12]. The total crop production was highest in 2016, as 164.695,
158.807, and 159.947 million tonnes (Mt) were generated in 2016, 2017, and 2018, respec-
tively (Table 2). Fluctuations were observed in the production of these crops across the
11 years. Furthermore, a total of 27 residues (Table 3) from 17 crops were considered.

2.2.1. Sustainability Assumptions

Some assumptions that were considered are:

• Land availability: The primary energy crop (PEC) was not considered, hence, there
was no land competition for animal husbandry or crop cultivation. There are no
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certified data regarding the annual production of the PEC, yield, and cultivated land.
Therefore, the land-use competition was not taken into account. Only cultivable land
was used for the estimation, and no expansion on arable land was included. There
was no future projection on PEC.

• Land use: Since crops are given priority (more lands are allocated to food and fibers),
the efficient use of land produces biomass that accounts for a large extent of the
available residue for bioenergy assessment. In addition to land availability and use,
farm management practices such as the use of improved seed, fertilizer, pest, and
weed control with better technology (research and development (R&D)) are the norm
for farmers. It, therefore, supports residue availability. These agricultural practices
ensure sustainable residue supply from existing farmlands.

• Soil quality: Soil quality is also an important factor. Lands with rich soil quality
will yield more harvest (more residues) than those with poor soil nutrients. Hence,
double cropping, alternate crop rotation, appropriate mineral fertilizer, and the use of
compost on farmland may increase residue production [13,14].

• Biodiversity: Biodiversity is limited as there is negligible forest encroachment since
only farmlands already in use were considered in this assessment. Additionally, the
use of technical residue potential preserves biodiversity, because they are utilized for
other purposes.

• Climate change: The right crop management system on farmlands can reduce cli-
mate change.

• Water: The rain-fed condition was assumed as Nigeria has suitable agro-climatic
conditions.

• Farm practice (animal husbandry): Regarding the livestock manure production, im-
proved feeds with large pasture land support livestock production. With the use of
the technical residue potential, the pasture for livestock and manure for soil nutrient
renewal is guaranteed.

Table 2. Crop production in Nigeria.

Crop Type
Crop Production (Mt)

2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

Soya beans 0.591 0.427 0.365 0.493 0.650 0.518 0.624 0.589 0.615 0.730 0.758
Seed cotton 0.492 0.364 0.602 0.538 0.288 0.270 0.290 0.278 0.279 0.291 0.271
Sugar cane 1.410 1.400 0.850 0.756 1.090 1.270 1.410 1.450 1.490 1.490 1.420
Sorghum 9.320 5.280 7.140 5.690 5.840 5.300 6.880 7.010 7.560 6.940 6.860
Plantain 2.730 2.700 2.680 2.680 2.950 2.960 3.010 3.080 3.030 3.060 3.090

Groundnut 2.870 2.980 3.800 2.960 3.310 2.470 3.400 3.470 3.580 2.420 2.890
Coconut 0.234 0.243 0.264 0.265 0.265 0.266 0.268 0.269 0.283 0.282 0.285

Rice 4.180 3.550 4.470 4.610 5.430 4.820 6.000 6.260 7.560 6.610 6.810
Cocoa 0.367 0.364 0.399 0.391 0.383 0.367 0.330 0.302 0.298 0.324 0.333
Millet 9.060 4.930 5.170 1.270 1.280 0.910 1.400 1.490 1.550 1.500 2.240

Cowpea 2.920 2.370 3.370 1.640 5.150 4.630 2.140 2.310 3.020 2.490 2.610
Cassava 44.60 36.80 42.50 46.20 51.00 47.40 56.30 57.60 59.60 59.40 59.50

Yam 35.00 29.10 37.30 33.10 32.30 35.60 45.20 45.70 49.40 47.90 47.50
Sweet

potatoes 3.320 3.300 3.470 3.520 3.590 3.680 3.670 3.820 3.890 3.960 4.030

Cocoyam 5.390 3.030 2.960 3.010 3.200 2.930 3.270 3.280 3.230 3.270 3.300
Maize 7.530 7.360 7.680 8.880 8.690 8.420 10.10 10.60 11.50 10.40 10.20

Oil palm 8.500 8.500 8.000 8.000 8.100 8.000 7.970 7.890 7.810 7.740 7.850
TOTAL 138.514 112.698 131.02 124.003 133.516 129.811 152.262 155.398 164.695 158.807 159.947

Source: FAOSTAT [12].
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2.2.2. Theoretical and Technical Crop Residue Potentials

The theoretical residue potential, for each crop, was obtained from the product of the
total specific crop available for a given year and the residue-to-product ratio (RPR). RPR
is an index that indicates the weight of residue a particular crop generates, based on the
produced amount [15]. Taking into account the variability of the RPR values due to several
factors identified by Simonyan and Fasina [9], the mean RPR was used. The theoretical
potential of the crop residues was estimated using Equation (1):

Pth = Pcrop × RPR (1)

where Pth = theoretical residue potential; Pcrop = crop production; and RPR = the residue-
to-product ratio.

The use of theoretical residue potential was not realistic because other forms of crop
residue utilization may compete with its availability for bioenergy production. Hence,
we considered only the recoverable residue fraction for each crop, referred to as the
technical residue potential. The latter is defined as the surplus residue after considering
the competition among other uses and spatial restrictions. It is estimated using Equation
(2). The obtained value gives the quantitative amount of the excess residues available for
energy purposes.

Ptech = Pth × R f (2)

Ptech = technical residue potential; Rf = recoverable fraction
The technical residue potential was used to estimate the energy potential of cellulosic

ethanol and biogas.

2.2.3. Solid Fuel Energy Potential

The bioenergy potential in dried crop residues in their crude forms was calculated
using Equation (3). The estimated solid fuel made from crop residues was obtained by
multiplying the total annual technical crop residue potential and the lower heating values
(Table 3).

PSFE = Ptech × LHV (3)

PSFE = solid fuel energy potential; LHV = lower heating value (MJ/kg).

Table 3. Parameters used in estimating bioenergy potentials from crop residues.

Crop Residues RPR Rf (%) LHV b (MJ/kg)

Soya beans straw 2.50 a 100 12.38
Soya beans pods 1.00 a 100 12.38
Seed cotton stalk 2.88 80 18.61

Sugar cane tops/leaves 0.11 80 15.81
Sugar cane bagasse 0.18 100 18.10

Sorghum straw 1.99 80 12.38
Plantain trunks and leaves 0.50 80 15.48 c

Groundnut straw 1.25 100 17.58
Groundnut shell 0.37 100 15.66

Coconut husk 0.42 100 18.63
Coconut shell 0.25 100 18.09

Rice husk 0.26 100 19.33
Rice straw 1.66 80 16.02

Cocoa bean pods 0.93 80 15.12
Millet straw 1.83 80 12.38

Cowpea shell 1.75 100 19.44
Cassava stalk 0.06 80 17.50

Cassava peeling 0.25 20 10.61
Yam straw 0.50 80 14.24

Sweet potatoes straw 0.50 80 14.24
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Table 3. Cont.

Crop Residues RPR Rf (%) LHV b (MJ/kg)

Cocoyam straw 0.50 80 14.24
Maize stalk 1.59 80 19.66
Maize husk 0.20 100 15.56
Maize cobs 0.29 100 16.28

Oil palm EFB 0.17 100 8.16
Oil palm kernel shell 0.07 100 18.83

Oil palm fibre 0.14 100 11.34
The mean values of RPR and Rf were obtained from Kemausuor et al. [16]. Other values with alphabetic
superscripts were sourced as indicated a [17]; b [9]; c [8].

2.2.4. Cellulosic Ethanol Potential

To estimate the bioenergy potential and cellulosic ethanol conversion of the crop
residues by anaerobic digestion, some pre-treatment processes such as hydrolysis, enzy-
matic activities, and microbial fermentation were taken into account. The cellulosic ethanol
production from crop residues was estimated using Equation (4):

YCE = Ptech·Cglu·yhyd·yeth·ηpre·ηenz (4)

where:
YCE = yield of cellulosic ethanol;
Ptech = technical potential;
Cglu = concentration of glucan;
yhyd = yield of enzymatically hydrolyzed glucan;
yeth = stoichiometric yield from glucose;
ηpre = efficiency of pretreatment;
ηenz = efficiency enzymatic cellulose conversion
In estimating the cellulosic ethanol production, we assumed fermentation and distil-

lation processes to be 100%, as no loss was considered. The assumed values used for the
estimation of cellulosic ethanol production are shown in Table 4.

Table 4. Summary of indices for cellulosic ethanol production from crop and forest residues.

Conditions Yeth Yhyd ηPre (%) ηenz (%) ρDistil (%) ρFerm (%) ηScale (%)

No pre-treatment 0.51 1.11 - 30 100 100 50
With pre-treatment 0.51 1.11 80 90 100 100 80

Where ρDistil = distillation efficiency; ρFerm = fermentation efficiency. Values were sourced from Kemausuor et al. [16].

During the hydrolysis of crop residues for cellulosic ethanol production, two scenarios
were considered: no pre-treatment and pre-treatment. In the no pre-treatment case, the
enzymatic activity was assumed to be minimal (about 30%) with a production of cellulosic
ethanol scale-up (ηScale) of about 50%. In the pre-treatment scheme, the enzymatic efficiency
was assumed to be 90%, to yield cellulosic ethanol of 80%. The bioenergy potential of
cellulosic ethanol was estimated from the lower heating value (LHV) of 28.9 MJ/kg and an
ethanol density of 0.789 kg/L.

2.2.5. Biogas Potential

The estimation of biogas was performed using the technical residue potential gener-
ated for the crop residues. To obtain the biomethane potential (BMP), the Buswell BMP
equivalent (Equation (5)) was first determined.

YBMP Buswell =
(

YBuswell, glu × Cglu

)
+ (YBuswell, hem × Chem) (5)
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BMP is defined as the theoretical estimate based on the experimental evaluation of
a given feedstock for the determination of the maximum volume of methane generated.
It is the optimal methane volume per gram of volume solid (VS) of a substrate (i.e., the
biodegradable fraction).

YBMP Buswell = estimated biodegradable fraction in specific crop residue (feedstock) for
biogas production using Buswell formula;

YBuswell.glu = estimated glucan in specific residue using Buswell formula;
YBuswell.hem = estimated hemicellulose using Buswell formula;
Cglu = concentration of glucan;
Chem = concentration of hemicellulose.
The maximum biogas estimate/potential was determined using Equation (6):

YBiogas = Ptech × YBMP Buswell × ηScale (6)

where; YBiogas = biogas yield; ηscale = average efficiency for continuous biogas production.
For the energy potential of biogas, calculations were based on the following assump-

tions: 1 m3 biomethane has a calorific value of 10 kWh STP; the energy potential of CH4
conversion and the conversion factor of TJ to Mtoe is 0.278 GWh/yr and 24, respectively.

2.3. Forest Residues

From the FAOSTAT database [18], we obtained data on the average industrial round
wood harvested yearly in Nigeria. The residues generated from the logging, sawing,
and timber processing activities of round wood were determined using the assumption
proposed by Koopmans and Koppejan [19]. These residues were classified into three: wood
slab, wood bark, and sawdust. Wood slabs were taken to be 40% and 38% for logging
and sawmilling processes, respectively, while, for sawdust, the values were 12% and 20%,
in the same processes. In addition, the sawdust from the particleboard was 10%, while
the residue from the wood bark during sawmilling was 12%. These values were adopted
following Simonyan and Fasina [9] and Koopmans and Koppejan [19].

2.3.1. Cellulosic Ethanol from Forest Residues

Similar to the ethanol estimation from crop residues, the cellulosic ethanol potential
from wood residues was determined using Equation (7).

YCE ( f orest residues) = PFR × Cglu × Yhyd × Yeth × ηPre × ηenz (7)

PFR = annual production of forest residue.

2.3.2. Biogas Potential from Forest Residues

The maximum biomethane (biogas) production from forest residues was determined
based on Buswell’s formula using an expression similar to Equation (5). However, an
industrial-scale efficiency of 40% was assumed for biogas production from forest residues.
Hence, the biogas estimated at the industrial scale was obtained from Equation (8).

YBiogas(Forest) = PFR × R f ×
(

YBuswell, glu × Cglu

)
+ (YBuswell, hem × Chem)× ηScale (8)

2.4. Livestock Residues

The data for the livestock population from 2008–2018 was obtained from FAOSTAT [20].
The residue considered was excreta (dung) estimated for each livestock following
Equations (9) and (10).

Yman(theoretical potential) = Plivestock × EMP (9)
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Yman = manure produced; EMP = estimated manure produced per day.

Yman(technical potential) = Yman(theoretical potential)× R f (10)

Biogas Potential from Livestock Residue

The biogas potential from manure was estimated from Equation (11), with the biomethane
potential (YBMP) = 0.26111 m3 CH4/kg VS.

LMM = Yman(technical potential)× CTS × VS × YBMP (11)

LMM = livestock manure methane;
VS = volume solid;
CTS = total solid concentration.

2.5. Municipal Waste
2.5.1. Municipal Solid Waste (MSW)

The quantity of municipal solid waste (MSW) was calculated from the population of
major cities like Lagos [21] using Equation (12). Sixteen (16) cities were considered. The
organic fraction concentration (COF) of the MSW was obtained from the literature on the
various cities.

PMSW = EP × WG × Owc (12)

where PMSW = total waste production; EP = estimated population per city; WG = waste
generated (kg/person/day); Owc = organic waste content (%).

The estimate of biogas potential from municipal solid waste was determined using
Equation (13).

Ybiogas(MSW) = PMSW × COF × CTS × YBMP (13)

2.5.2. Municipal Liquid Waste (MLW)

The potential biogas from municipal liquid waste (MLW) is a function of the product
of the quantity of liquid waste from the estimated population, the concentration of total
solids, and the biomethane potential, as shown in Equations (14) and (15):

PMLW = EP × AWE (14)

EP = estimated population per city; AWE = average weight excreta per person per day
(250 g) as derived by Feachem et al. [22].

Ybiogas (MLW) = PMLW × CTS × VS (15)

PMLW = municipal liquid waste production.
For municipal liquid waste, the concentration of total solids (TS) was assumed to be

8.9275 g TS/100 g [23]. Other factors used for the conversion are shown in Table 5.

Table 5. Indices for estimating the biogas potential of residues and wastes.

Factors Unit Value Reference

Volatile solid (VS) 64.7% [24]
Lower calorific value of CH4 10 kWh/m3 STP [25]
Methane yield VS reduction 0.24 m3/kg (24%) [26]

CH4 yield 0.525 m3 CH4/kg VS [23]
Energy potential of CH4 conversion 0.278 GWh/yr

[16]TJ to Mtoe conversion factor 24
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2.6. Data Analysis

The data collected were analyzed using Microsoft Office Excel version 2016. Originlab
9 was used to plot the graphs.

3. Results

3.1. Crop Production and Residue Potentials

The residues from the crops considered included the straws, stalks, cobs, pods, shells,
peels, and husks from the harvesting (field-based residues) and processing (process-based
residues) activities.

The annual theoretical residues from a total of 27 sources (17 crops) showed total
values of 126, 116, and 119 Mt for 2016, 2017, and 2018, respectively (Table 6). The technical
residues were also found to be 97, 89, and 91 Mt for 2016, 2017, and 2018, respectively
(Table 6). However, in 2009, both residue potentials (i.e., theoretical and technical) had the
least values.

Table 6. Estimated crop potential residues and bioenergy potentials.

Year Theoretical (Mt) Technical (Mt)
Cellulosic Ethanol Biogas

ML/yr Mtoe Mm3 CH4/yr Mtoe

2008 115.82 90.53 15,578.77 8.52 15,859.26 13.69
2009 90.45 71.10 12,237.41 6.69 12,405.56 10.71
2010 106.94 84.18 14,429.09 7.89 14,534.41 12.55
2011 93.88 72.37 13,023.50 7.12 13,198.36 11.39
2012 103.69 81.06 13,835.72 7.56 14,024.91 12.11
2013 97.14 75.60 12,800.56 7.00 13,095.00 11.31
2014 112.97 86.81 15,529.04 8.49 15,747.22 13.59
2015 115.95 89.13 15,926.22 8.71 16,173.43 13.96
2016 125.79 97.20 17,226.24 9.42 17,571.09 15.17
2017 116.14 88.66 15,754.78 8.61 16,144.15 13.94
2018 118.54 90.84 16,088.55 8.79 16,404.53 14.16

Average 108.85 84.32 14,766.35 8.07 15,014.36 12.96

Mt = million tonnes; Mm3 = mega cubic meter (volume); Toe: tonne of oil equivalent is a unit of energy defined as the amount of energy
released by burning one tonne of crude oil. Mtoe = one million toe.

The average crop production and theoretical and technical residues across the investi-
gated period were 142, 109, and 84 Mt, respectively. These values differ from the lowest
and highest obtained data. Therefore, it is inferred that crop production and technical
residues can sustain biofuel production.

3.2. Bioenergy Potential from Crop Residues
3.2.1. Solid Biofuel Potential

Wood biomass is still used for energy purposes (in the form of wood fuel) in Nigeria.
The production of wood fuel showed an increasing trend from 2008–2018 (Figure 2). This
trend can escalate due to high demand with respect to the population. Further increases
in the use of wood fuel contribute to climate change. However, maximizing the energy
potential in crude crop residues can drastically reduce the direct combustion of wood. The
solid fuel energy available in these crop residues was highest in 2016, followed by 2018
and 2017 (Figure 3).

3.2.2. Cellulosic Ethanol and Biogas Production from Crop Residue

The estimated cellulosic ethanol production was highest from 2016 to 2018 (Table 6).
Similarly, the energy from cellulosic ethanol followed the same trend. Since the volume of
ethanol produced is greatly influenced by the quantity of residues, the particle size and
enzymatic digestion are very important.

319



Sustainability 2021, 13, 13806

3.3. Residue and Bioenergy Potential from Forestry
3.3.1. Estimated Residue from Forestry

The estimated residues (sawdust, wood bark, and wood slab in volume) generated
during the harvest and processing of round wood for industrial use are given in Table 7.
The variation in the generated residues from 2008–2013 and 2014–2018 was mainly due to
the significant increase in the volume of industrial round wood harvested and processed
in 2014. It is worth noting that the two groups (2008–2013 and 2014–2018) emerged due
to a significant increase in wood production in 2014 (Table S2, Supplementary Materials).
Hence, we adopted such a classification for better comparison and discussion.

Figure 2. Total annual wood fuel production. (Total wood fuel = wood fuel + charcoal; Table S1,
Supplementary Materials).

Figure 3. Solid fuel potential showing the technical energy available (TEA) in crop residues generated
annually in Nigeria.
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Table 7. Estimated residues generated from forestry.

Residues
Estimated Average Residues Generated (m3)

2008–2013 2014–2018

Saw dust 360,408 379,249
Wood bark 71,621 75,424
Wood slab 1,352,490 1,422,960

Total 1,784,519 1,877,633

3.3.2. Cellulosic Ethanol Production from Forest Residues

Cellulosic ethanol production from forest residues (wood slabs, wood bark, and
sawdust) was also higher in 2014–2018 compared to 2008–2013 (Figure 4). The treatment
conditions were selected for estimating and assessing the maximum quantity of cellulosic
ethanol, given the recalcitrant nature of the cell walls of forest trees. In both the 2008–2013
and 2014–2018 groups, a higher cellulosic ethanol yield was obtained when compared with
the no pre-treatment scenario (Figure 4). The pre-treatment condition is an important factor
for maximum cellulosic ethanol yield from forest residues.

Figure 4. Volume of cellulosic ethanol produced from forest residue with and without pre-treatment.

3.3.3. Biogas Potential from Forest Residue

The biogas production from forest residue was relatively higher for the 2014–2018
period compared with that estimated for the 2008–2013 period (Figure 5; Table S3,
Supplementary Materials).

3.4. Livestock
3.4.1. Livestock Production

The total livestock production varied from 272 million (in 2014) to 308 million livestock
(in 2011). Although, in 2011, individual livestock such as chicken and pigs experienced
a significant drop in production. However, pig production, unlike chicken production,
showed a substantial increase and exceeded that of 2010. Despite these changes, the total
annual livestock production showed a rising trend in the later years (i.e., 2014–2018). This
can be attributed to the growing population (Figure 6; Table S4, Supplementary Materials).
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Figure 5. Estimated volume of methane (biogas) and the energy equivalent.

Figure 6. Total annual livestock production.

3.4.2. Biogas Potential from Livestock Manure

The bioenergy potential measured from recoverable livestock dung in the form of
biogas was determined (Figure 7). The result recorded the highest and least recoverable
dung in 2018 and 2008, respectively (Table 8). Additionally, the biogas produced within
the investigated 11-year period showed an increasing trend. A remarkable increase in
bioenergy was observed in 2011, which may be due to the high production of cattle, goats,
and sheep recorded in that year (Table S4, Supplementary Materials). From Figure 7, a linear
relationship was observed in the methane potential and the estimated energy equivalent.
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Table 8. Details of estimated livestock dung generated.

Year
Dung Produced

(million kg)
Recoverable Dung

(million kg)
Dung *VS per

day (106)
Dung VS per yr

(109)

2008 345 77.6 10.7 3.90
2009 351 79.1 10.9 3.98
2010 357 80.6 11.1 4.07
2011 401 87.9 12.3 4.49
2012 408 89.6 12.5 4.58
2013 414 91.0 12.7 4.65
2014 422 92.9 13.0 4.75
2015 430 94.9 13.2 4.83
2016 438 96.6 13.5 4.92
2017 449 98.8 13.8 5.05
2018 457 100 14.0 5.13

* VS = volume solid.

 

Figure 7. Estimated energy potential of biogas from livestock.

3.5. Municipal Wastes
3.5.1. Municipal Solid Wastes

The waste generated by the population of 16 major cities (representing all four geo-
graphical regions in Nigeria) was evaluated for its biogas potential. An increase in popula-
tion gave a corresponding rise in the waste generated from food and other biodegradable
materials (Figure 8; Table S5, Supplementary Materials). These cities were: north (Abuja,
Kano, Makurdi, Maiduguri, and Kaduna), south (Benin City, Port Harcourt), east (Onitsha
and Enugu), and west (Ife, Ilorin, Akure, Ado-Ekiti, Abeokuta, Lagos, and Ibadan).

3.5.2. Energy Potential from Municipal Liquid Wastes (MLW)

The municipal liquid waste of the 16 major cities was estimated based on the assump-
tion that a person produces an average of 250 g fecal waste daily [22,27]. The estimated
liquid waste increases per year with population growth, which subsequently leads to a rise
in the biogas potential (Figure 9; Table S6, Supplementary Materials).
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Figure 8. Methane potential and energy equivalent generated from municipal solid waste.

Figure 9. Methane potential and energy equivalent generated from municipal liquid waste.

4. Discussion

The present study on crop production in the last 11 years does not follow the increasing
crop yield as reported by Jekayinfa and Schloz [8]. High quantities of technical potentials
were recorded, and different forms of energy carriers with increased energy efficiency were
estimated. However, when other potentials (such as environmental, socio-economic, and
sustainable potentials) are taken into account, the overall generated residue potential may
reduce. On the other hand, both the theoretical and technical residue potentials fluctuated
within the investigated period. In the agricultural sector, in particular, farmers need to be
enlightened on the importance of residues for energy generation. This will enable better
collection and storage practices. Additionally, the awareness can potentially increase the
number of agricultural residues. Crop residues can be processed by various techniques,
which include gasification, pyrolysis, and combustion (for biogas, bio-oil, and biochar);
fermentation (for cellulosic ethanol); and briquettes (as solid fuel) [28]. Solid biofuels
(in the form of pellets and briquettes) made from residues of forest and crops are good
alternatives to wood fuel and charcoal, as they potentially reduce the felling of trees and
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deforestation. Residual biomass from the enzymatic or fermentation process for cellulosic
ethanol may further be processed into pellets [29] for combustion purposes. There is a
market for these in Nigeria because the use of wood fuel is high [30]. The bioenergy
produced from solid fuel depends on the generated technical crop residues. Similarly, the
potential energy from crop residues follows the crop production trend. Briquettes and
pellets made from crop residues can serve as wood fuel, thus reducing the demand for
conventional wood fuel and charcoal. Cellulosic ethanol is a liquid fuel obtained from the
digestion of lignocellulose components of crop residues, which can be used in place of
petrol [16]. On the one hand, the quantity of cellulosic ethanol produced was high from
2016 to 2018. However, the conversion processes of crop residues to biofuel, as well as the
cost, must be considered. Moreover, the selection of suitable techniques is necessary for
optimal ethanol yield. Although the estimated cellulosic ethanol has a huge potential as
transport fuel with high-performance efficiency (in vehicles including racing cars), their
optimal production is limited due to the recalcitrant structure of the cell wall [31,32]. On the
other hand, biogas production is more efficient compared to cellulosic ethanol, as indicated
by the inherent potential energy measured in the fossil fuel equivalent (Mtoe) in Table 6.

The increase in the use of wood fuel (Figure 3) is primarily a result of the rise in
population and poverty. Correspondingly, high wood fuel demand leads to deforestation.
The felling of trees for energy purposes plagues Nigeria with the tragedy of climate
change, soil infertility (due to erosion), and forest area depletion. Secondary biomass,
which includes forest residues, serves as an alternative to wood fuel, for diverse energy
forms. These residues are from fallen branches and wood barks during sawmilling and
logging processes. Cellulosic ethanol and biogas can be obtained from forest residues.
The energy efficiency for biogas implies that biogas is suitable for electricity generation
and can positively influence the power condition in Nigeria if properly appropriated.
These power sources can serve the inhabitants of the rural areas where bioenergy plants
are likely to be situated. Biofuel will not only reduce the adverse effect of smoke from
the direct combustion of wood fuel during cooking on the health of the rural dwellers
but will also provide an alternative clean cooking energy source [33]. The degree of the
recalcitrant varies with the age and maturity of forest residues. For optimizing cellulosic
ethanol production, the type of pre-treatment selected should ensure a very high estimate
and resulting biofuel. Additionally, reducing the particle size of the residue enhances
the surface area for effective hydrolysis. Moreover, a smaller particle size promotes the
solubility and biodegradability of organic matter, leading to a significant increase in the
cellulosic ethanol yield (Figure 4).

The animals produced in large quantities in Nigeria include chickens, goats, sheep,
cattle, and pigs (Table S4, Supplementary Materials). There is a direct relationship between
the amount of manure generated and the quality of food intake when considering the
weight of the animal. As shown in Table 8, the estimated dung generated and the amount
recovered for biogas production was rising monotonously per year (Figure 7) despite the
fluctuating livestock production (Figure 6). This result agrees with the work of Suberu
et al. [34] and also confirms that Nigeria has a high potential of generating an enormous
amount of biogas from animal dung. The present study does not include data from
domestic livestock farmers from rural households in Nigeria due to the lack of certified
data. The recoverability of the manure from livestock is quite a challenge except in the case
of large and mechanized farms that utilize intensive farm practice for commercial purposes.
Cattle have the potential of producing higher manure, but most farmers in Nigeria use the
nomadic approach. The latter limits the amount of cattle dung for energy purposes. Hence,
the quantity of manure recovered is about 50%. Better farm practices and management
can enhance the recoverability of animal dung. Nigeria may have to impose mandatory
intensive cattle rearing practices. Moreover, intensive farm practices are also economical
in food management as the cattle eat more and burn fewer calories; as a result, a higher
quantity of manure can be generated.
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The high volume of biogas from both MSW and MLW (Figures 8 and 9) may be
ascribed to the high population, which is a consequence of migration to these major cities.
This migration is mostly an indirect effect of social factors such as the job search, a quest for
improved living standards, industrialization, urbanization, and insurgency. The quantity
of feces and urine excreted per day is a function of the climate, diet, volume of water
consumed, and the occupation of an individual.

In our assessment, among the various energy carriers, biogas presents the highest
potential and capacity for the development of both integrated and flexible bioenergy
strategies in Nigeria. According to World Bank data and world info, Nigeria consumed
an average of about 2.2 Mtoe (24.72 bn KWh) of electric power per year [35,36], of which
the average estimated energy equivalent of biogas from crop residues and municipal
solid waste combined can yield over 30% increase in energy for consumption. Therefore,
biomass has a significantly high potential to improve the available electric energy supply,
thereby providing a solution to the power outage problem currently experienced in the
country. Our findings are in agreement with Sobamowo and Ojolo [37]. Although there is
a linear relationship between the methane potential and the energy equivalent of biogas,
the estimated energy was lower than the volume of methane (Figures 8 and 9). This result
may be ascribed to the thermodynamic factors involved in the conversion of biogas to
heat energy.

From an economic point of view, waste is a resource in the production process, which
reduces the extraction of fresh materials and the related energy consumption. The circular
economy is a regenerative system that supports the optimal use of resources and waste,
thus leading to an economic and ecological resource closed-loop [38–40]. In the context of
the present study, the circular economy approach prevents resource depletion (resulting
from improper waste incineration or decomposition) and a high carbon footprint and
ensures production–consumption operations that promote sustainable growth along with
the social well-being of Nigerians.

5. Biofuel Potentials and Challenges

5.1. Cellulosic Ethanol and Biogas Potentials

The potential for energy generation from waste, as well as its ability to control waste
management, is of great benefit to the rapidly growing population. Nigeria can leverage
the latter and the vast arable land for the production of crops and residue generation for
energy purposes.

Biomass gasification technology produces relatively clean energy that consists of
methane and hydrogen gas from the carbon-based feedstock. The effluent from anaerobic
digestion can be used as fertilizer to enhance the soil nutrients and maintain high crop
production [23]. The lignocellulose nature of crop and forestry residues possess high biogas
energy potential due to its rich methane content.

The conversion technology employed to transform biomass to biofuel depends on
the quality of the feedstock. Poor feedstocks with 60–65% moisture content are preferably
processed into other forms of biofuel. This diversification ensures an optimum biofuel re-
covery. The application of pre-treatment conditions (such as drying the biomass) improves
its quality for gasification. Nigeria has high solar radiation capable of drying feedstock at a
low cost. Besides, solar resources are abundant in regions where sufficient cereal residues
are produced. The benefits and challenges of producing biogas or cellulosic ethanol from
biomass residues are presented in Table 9.
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Table 9. Potential benefits and challenges in cellulosic ethanol and biogas production in Nigeria.

Factors Biogas Cellulosic Ethanol

1 Bio-digester Simple. Complex to handle due to multiple
purification processes.

2 Feedstock type

Relatively dry and low
moisture biomass are
preferred for biogas
production.

All types of feedstock type are
suitable as water is required.

3 Energy cost No drying is required.
High energy is needed for drying,
grinding, and purification of
ethanol.

4 Technology
Low technical know-how is
needed at a low or medium
scale.

Advance technology is essential
both in the design and installation
of hardware for industrial ethanol
production.

5 Research

Little research and
development in the area of
inoculation for constituent
biogas production.

To overcome the recalcitrant nature
of the biomass, constant R&D is
necessary, even in the area of
genetic modification of cellulose.

6 Products Methane, CO2, H2, etc. Cellulosic ethanol, water, fertilizer,
and other recyclable products.

7 Cost
Relatively low-cost
compared to ethanol
production.

Enzymes and microbes for
hydrolysis and fermentation;
equipment are capital intensive.

8 Engine modification Needs regular adjustment. No intensive adjustment is
required.

Source: [41,42].

The comparison between biogas and cellulosic ethanol production (Table 9) has shown
that the process of biogas production is simple, feasible, and less expensive [43]. Therefore,
it is more appropriate to start with biogas production.

5.2. Challenges

The production of either biogas or cellulosic ethanol is feasible in principle, considering
the availability of different types of residues and the high demand for a steady power
supply. However, some challenges could potentially limit its viability in Nigeria, as
discussed subsequently.

First, the assessment of biomass residues, as well as the estimation of total bioenergy
potentials, involves many uncertainties. The latter can affect the available residue potential.
Secondly, the technical residue potential is usually lower than the theoretical one. This
reduction emanates from the various value chains of the residues. The competition makes
it expedient to source biomass residues solely for energy production. In this regard, there
is a need to identify other crop residues that have little or no competitive use. These
crops include energy crops, grasses, algae, and other aquatic plants. Furthermore, poor
mechanization may limit the collection as well as the conversion method involved in
processing the residues [44]. The lack of data on some biomasses (e.g., grass) with high
bioenergy potential has contributed to insufficient information on the total residue estimate
available in Nigeria. A more comprehensive residue valuation should include energy
crops such as Jatropha curcas and aquatic weeds (water hyacinth, water lettuce, and bracken
fern), which are abundant in swampy regions. There is also a need to regularly update the
national biomass database.

The estimates for solid and liquid waste produced in Nigeria focused on the major
cities and are shown in Tables S5 and S6 (Supplementary Materials). Although these cities
account for the large and diverse forms of waste estimated due to the high population, it
represents only a fraction of the total population (16 major cities out of 36 states in Nigeria).
Nonetheless, it is difficult to assess the data for major cities, and it is needless to consider
the rural areas. This barrier hinders the detailed assessment of municipal waste generated
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in Nigeria. Currently, only the city of Abuja practices a central sewage system, while
others practice a system where a few households are connected to a septic tank. Regarding
MSW, the nation needs to adopt a solid waste disposal practice, properly sorting waste
into different categories. This will ensure better processing of MSW into energy carriers.

Another challenge in the realization of biofuel production hinges on infrastructure.
This includes investment in bio-digesting systems, structural facilities, and technologies
required for an efficient biofuel yield.

5.3. Implications on the Bio-Economy of Nigeria

An essential focus of the bio-economy is the production and processing of biomass
wastes into value-added products [45]. The valorization of biomass residue is connected
to the sustainable utilization of renewable biological resources (which includes food, bio-
based products, and bioenergy) leading to the restoration and preservation of biodiversity.
Therefore, the bio-economic perspective provides a balance to the social, environmental,
and economic benefits that promote the use of renewable resources, allowing an optimal
trade-off between food and bioenergy production.

The implication of our assessment on the bio-economy of Nigeria includes the following:

1. Prompts the implementation of good farm practices that will increase crop production,
food security, and residue generation and, consequently, will create jobs for the
unemployed. Additionally, it leads to a sustainable ecosystem.

2. Provides business opportunities for innovative start-ups that will attract foreign
investment in value-based products for a global market. This could position Nigeria
at the forefront of the bioenergy market in Africa.

3. Diversification into bioenergy generation will enable a healthy environment by reduc-
ing greenhouse gas emissions from fossil fuels.

4. Decrease our overdependence on foreign nations, thereby making Nigeria’s economy
tend towards self-reliance (reducing external debits).

5. Enforce collaboration among researchers of various fields as well as the coopera-
tion between Nigeria and other countries towards the establishment of functional
bioenergy plants.

6. Facilitates the transition from a circular economy to a bio-economy, as information on
the residues generated, their availability, and the bioenergy potential are valuable for
policy-making.

5.4. Recommendations

The energy equivalent from crop residues is higher for biogas production than for cel-
lulosic ethanol. Moreover, livestock manure, MSW, and MLW can be preferably processed
into biogas, hence leading to a higher volume of biogas compared to cellulosic ethanol.
Since biogas can easily be converted to electricity, Nigeria can partly deal with its electricity
challenge by focusing on biogas production. Furthermore, the assessment and estimation
of the bioenergy potential from biomass residues in Nigeria are but one side of the coin. A
more holistic approach that accounts for the cost of establishing a functional biogas plant
for residue conversion should also be taken into consideration. The concept of bioenergy
from biomass resources involves a multi-dimensional study that includes raw material
availability, assessment, and energy potential. It also covers various divisions from agricul-
ture through the industrial, government, and power sectors. However, the socio-economic
influence towards bioenergy establishment is another measure of its sustainability [46–48].

Finally, the implementation of proper biofuel policy is expedient; in this regard, the
government plays a vital role in the exploitation of natural resources and the attainment
of environmental sustainability [49]. However, sustained biofuel production requires the
cooperation of other stakeholders [50,51], as illustrated in Figure 10. It is important to note
that promoting the use of biogas in Nigeria may require the introduction of subsidies [52].
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Figure 10. Structural framework showing the stakeholders in bioenergy from biomass resources.

6. Conclusions

The assessment of biomass residues and their bioenergy potential is often performed
for either solid biofuel or biogas. However, in this work, we estimated the bioenergy
potential from both solid biofuel and biogas perspectives. We discovered that 143 Mt of
crop residues produces about 84 Mt of technical residue potential on average. Hence, only
about 58% of the total residue is available for energy purposes. Our findings revealed that
crop production is directly correlated with the quantity of biofuel produced. For the forest
residues, enzyme pre-treatment led to higher cellulosic ethanol. Among the bioenergy
carriers evaluated, biogas had the highest potential, with an average of 15,014 Mm3 from
crop residues. Therefore, it is a more promising energy carrier to be adopted in Nigeria.
Although biogas production is favoured, there is a need to investigate its cost, feasibility,
and the economic analysis of setting up the plant in Nigeria. Additionally, the pragmatic
behaviour of the biomass residues during anaerobic activity (i.e., the breakdown of lig-
nocellulose content) needs to be experimentally validated. Finally, the policies that will
facilitate the optimum collection of these biomass residues are expedient.

Supplementary Materials: The following are available online https://www.mdpi.com/article/10.3
390/su132413806/s1, Table S1: Annual wood production, Table S2: Annual industrial round wood
production, Table S3: Forestry Residue, Table S4: Annual livestock production, Table S5: Municipal
solid waste generated and bioenergy potential, Table S6: Municipal liquid waste generated and
bioenergy potential.
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Abstract: This scientific publication is dedicated to the development of scientific methodological
and practical recommendations about the formation of ecologistics approaches towards usage of
the energetical potential of wooden biomass as a promising trend of economic activity subject
development. The hierarchy of ecological chain build-up is established, which will allow one
to effectively organize the logistics of supply of biomass to the place of energy production. The
methodological approaches to modeling of economic and ecological evaluation of wooden mass
supply chain were improved. It is aimed to the calculation of expanses and harmful emissions that
depend on specific logistics processes in implementation of perspective actions of collection and
recycling of wooden biomass and substitution of non-renewable energy sources by it, which, on
the one hand, analyzes the actual state of affairs of knowledge in the field of ecological processes
evaluation, and on the other hand, however, identifies restrictions on the amounts of potential
provision of biomass. Due to the proposed model of economic and ecological evaluation of the
supply chain of wooden biomass and the development of software with a database that covers
information on specific logistics processes, it will be possible to conduct economic and ecological
evaluation on each step of the logistics chain, present specific processes in cash equivalents, depict
ecological effectiveness, and identify the most vulnerable points of the logistics system, opening vast
opportunities for improvement of other supply systems.

Keywords: ecologistics; supply chains; ecological evaluation; economic evaluation; energetic poten-
tial; wooden biomass; environment; logistics processes

1. Introduction

The actualization of ecological problems in the global environment stimulates the
scientific and practical research of social phenomenon and processes that affect the quality
of natural and production environments in different fields of life activities. Economical,
logistical, organizational, and managerial processes and analytical technologies to realize
the energetical potential of wooden biomass must become the means to reach the aim of
energy independence of Ukraine, on the one hand, and the strategic vector of state politics
development in the sphere of environmental protection and production environment on
the other. Ecologization is one of the main innovative competitive advantages of logistics
activity and has to cohere with it. According to global practice, it is quite important
to combine logistics and ecologizational processes, as the logistics part itself is a key
alternative for economic activities of manufacturers and their agents, while ecological is
an innovative part, both for subjects of economic activity and socioeconomical systems of
higher levels of management.
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2. Scientific Novelty of the Obtained Results

From an ecological point of view, Forsberg analyzed an optimum of production
processes and electrical energy distribution in a country supplied with biomass by another
country [1]. In terms of energy and money expenditure, Suurs explored this topic in his
study and evaluated general strategies for the importing of biomass as an energy carrier
for Europe and Latin America [2].

Studies of logistics starting from biomass collection to biofuel, heat, or electrical energy
recycling and production were carried out by Pfohl [3], Weber [4], and Gudehus [5]. Their
approaches were based on classical logistics planning and optimization; however, analysis
and evaluation of environmental impacts caused by shipping and other logistics processes
have not been sufficiently studied.

This article includes references to works written by researchers who focused on eco-
nomic and/or ecological biomass evaluation and supply and provision processes and
who also took changes and tendencies in energy industry into account. Pistorius [6] and
Plöchl [7] conducted energy estimation of different biomass types. A considerable number
of works is dedicated to estimating the whole life cycle of biomass, from cultivation pro-
duction of energy (Jungbluth [8], Krotschek [9], Spath [10], Marheineke [11], Scholwin [12])
to biofuel (Mardon [13], Soimakallio [14], Zah [15]). However, logistics and provision pro-
cesses are not described in detail in their works, and only central tendencies are measured;
hence, there is a high level of abstraction.

Scientists such as Kanzian et al. [16], Neff et al. [17], Scholz et al. [18], and Suurs [2]
described models that enabled the analysis of one or a few processes of biomass provision,
taking into account needs for personnel, time, and materials, and that also enabled esti-
mation of costs and waste levels. They believed that the figures estimated in the analyses
would serve as reference points for future economic and ecological evaluations.

Eberhardinger evaluated ecological balance of production processes of electrical en-
ergy obtained from wood waste. His analysis emphasized the impact of the whole supply
chain and wood biomass provision on the biofuel energy balance. They reached the conclu-
sion that a logistical component of biomass supply and provision have the potential for
improvement in terms of expenditure, energy usage, and quality [19].

Given the extent of pollution caused by fossil fuels and human concerns about health
and environmental protection, it is necessary to focus on strategies, practices, and actions
that allow for the implementation of a sustainable energy system based on bioenergy
production. It is known that the COVID-19 pandemic period has led to a socioeconomic
crisis, which will have serious consequences for international logistics systems. Given
that the transport sector is responsible for a significant share of CO2 emissions, special
emphasis should be placed on biofuels and sustainable development at the global level.
This is particularly true in the case of Ukraine, as an agricultural country, where a concen-
trated large part of biomass is obliged to act as an active participant in this process in the
following ways:

- Use raw materials that meet the criteria of sustainability;
- Analyze the supply chain for the actual sustainability of the product;
- Use industrial symbiosis and energy communities as an effective element of coopera-

tion among energy consumers;
- Implement a policy that supports the development of bioenergy and biofuels;
- Popularize the tendency of the willingness to pay for green or circular products among

business and individual consumers;
- Support those business models that implement eco-initiatives in comparison with

business models that include the consumption of conventional products based on
fossil materials [20,21].

This research is related to the improvement of methodical approaches to making a
model of economic and ecological evaluation of the wood biomass supply chain, which is
oriented towards providing a high level of business entity competitiveness based on ecolo-
gistics. In the research were used such methods as the methods of observation, factor anal-
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ysis, and economic and mathematical modeling. In contrast to existing studies [1–19,22,23],
it allows one to secure a steady pace of wood biomass provision and consumption growth
and to apply a diversified approach to the attraction of investment resources and employ-
ment of new technologies. Further developments have occurred in essential components of
the supply chain in the process of wood biomass provision and consumption. They, in addi-
tion to the existing ones [1–19,22,23], take ecological standards and energy usage efficiency
level into account and make it possible to minimize negative impacts on ecology and to
secure resource saving, stable development of business entities, and increases Ukrainian
business effectiveness. Comparative calculations, e.g., on the use of coal, briquettes, peat,
and gas as a fuel, are usually based on the estimation of direct costs without taking into
account associated costs (for example, costs aimed at minimizing the negative impact on
the environment, etc.) in the supply chain.

This research and the proposed model are cross-applicable and relevant for all coun-
tries with a significant wood stock.

3. Statement of Basic Materials

Protection of natural and industrial environments, regulatory and logistics processes,
balance of greenhouse waste emissions, and also bioenergy industry development are
closely interconnected. These mutual relations form the basis for future projects, research,
and elaboration of a database in the sphere of economic and/or ecological evaluation
applied to forestry, the energy industry, and biomass logistics. In term of raw material
reserves, central and western regions of Ukraine are the most promising for production
organization (Figure 1).

Figure 1. Raw material base for wood biomass provision in the territory of Ukraine [24].

The research suggests a typical wood biomass supply chain including gathering of
wood raw materials (fallen trees, cutting standing trees) → loading raw material into a
vehicle → transshipment of raw material (the biomass can be overloaded) → transporting
of raw material to terminals (warehouses) → unloading of raw material → warehousing
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and storage of raw material → chopping raw material into woodchips → transporting of
woodchips to a production department → production of biofuel (pellet) and delivery after
production. With regard to internal and external technical and technological, infrastructural,
financial, and organizational conditions, this chain transforms into an individual wood
biomass supply chain of a business entity (Figure 2).

Figure 2. Biomass logistics: wood biomass supply chain.

According to the Ukrainian biofuel portal, woodchips production volumes are grad-
ually increasing, although it is not a large-scale phenomenon. Woodchips are mainly
produced by recycling waste obtained from industrial wood sawing; not more than 10%
of logging waste is recycled [24,25]. In general, the situation with economic management
by regions in Ukraine is stable. From year to year, economic processes become more effi-
cient, wood stocks increase, log harvest decreases, and the amount of processing increases,
leading to an increase in the amount of waste for energy fuel.

Miscanthus and willow are still underused, due to the alternative use of land for
agricultural purposes being more profitable.

The application of methodic approaches, improved and developed in this research, will
facilitate identification of “narrow” areas in modelling of wood biomass provision processes
as well as economic and ecological evaluation of wood biomass supply chains, which will
help to receive the information needed for making practical management solutions.

For example, if the task is to measure the impact of logistics processes on the natural
environment during the whole process of biomass provision, then on the one hand, it
should be clarified what types of impact on the environment will be analyzed, and, on the
other hand, what methods will be used for estimation, to what extent the existing norms
should be obeyed, and, finally, how will the outcomes be interpreted and presented [25,26].

Improvement of methodical approaches will be followed by elaboration of a model
of economic and ecological evaluation of a wood biomass supply chain. The model will
aim to calculate costs and measure the amount of hazardous waste emissions into the
environment, which will enable evaluation of economic and ecological effectiveness of the
whole process. Applying this model in practice requires a large number of parameters.
The more detailed the data calculation description is, the more realistic the economic and
ecological evaluation of wood biomass supply system’s effectiveness of a business entity
can be.

Economic evaluation of each process encompasses all the information on consumer
spending and expenses on equipment (cars, vehicles, and other), personnel, and if needed
on infrastructure.
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Since railway and air transportation are usually considered as services provided by
a third party and used according to demand, they will not be included into this calcula-
tion model. Types of road transport for freight shipping include common classic freight
transport and shipping by agricultural machinery.

Transport costs include vehicle usage costs Cveh, personnel costs Cper, and vehicle
repair and tuning up costs Ctun.

Fuel costs have considerable impacts on transportation cost calculations. Hazardous
waste emissions into the environment, which are produced by road vehicles, should be
taken into consideration. Information on emissions is provided for each type of vehicle (for
example, a road train consisting of a semi-trailer truck and a trailer 34–40 t with the norm
Euro-3) for a corresponding road category (for example, an agricultural road) in accordance
with fuel costs on an empty or fully loaded vehicle, which corresponds to a load factor γ
changing from 0% to 100%. Linear relations between fuel costs and a load factor are taken
into account for fuel cost calculation. Figure 3 depicts dependency of diesel fuel costs Ff uel
in grams/km on a vehicle load factor for different types of roads.

Figure 3. Dependency of fuel costs on a load factor [16].

The formula for calculating fuel costs Cf uel on freight transport mcar, which is shipped
at a distance L, is as follows:

Cfuel =
L · mcar

1000 · mpload · γ
·
[(

F100
fuel − F0

fuel

)
· γ + kret · F0

fuel

]
(1)

where F100
f uel stands for fuel usage with a 100% loaded vehicle, and F0

f uel stands for fuel
usage with no load vehicle. In order to calculate fuel costs on a return road, a return
coefficient is used, namely kret = 2 if return freight transport takes place and kret = 1 if a
truck returns empty.

In order to calculate fuel costs of a partly loaded vehicle with mpload, it is necessary to

know its potential load
(

mpload · γ
)

. This index is presented to a client for space distribution
in a vehicle. For example, a tank truck for dry bulk cargo used for transportation of pellet
fuel can have enough room to transport the material for a few clients at a time.

In order to secure a full load for each transport change mpload, it is necessary to calculate
the difference between the maximum allowable weight of a vehicle and the weight of an
empty vehicle. Simplified data applicable for all, without exception, Euro-standards are
used to calculate the weight.

Semi-trailer trucks can be grouped according to engine power: vehicles with engine
power P ≤ 210 kW, which belong to light semi-trailer trucks; and vehicles with engine
power P > 210 kW, which belong to heavy semi-trailer trucks.
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If a transport route consists of a few road types, this factor is included in square
brackets (see (2)) in accordance with each road type kr, for example, a controlled-access
highway, or roads outside (tracks) or within populated areas. According to this, fuel
consumption of one transport shift is calculated as follows:

C1
fuel = ∑ kr ·

[(
F100

fuel − F0
fuel

)
· γ + kret · F0

fuel

]
(2)

Total fuel consumption is calculated separately for each transport change:

CΣ
fuel = ∑ ktc · C1

fuel (3)

Since 1 January 2016, all the cars imported from abroad have to meet the ecological
standard Euro-5. As a result, there is a complete ban on importing cars produced earlier
than 2010/2011 (or a compulsory engine redesign in accordance with the eco-standard),
since, in fact, the ecological standard Euro-5 came into effect in EU-countries and the USA
in 2009 and, consequently, car manufacturers commenced production of cars meeting
Euro-5 standards after 2009.

Unfortunately, national business entities do not always monitor vehicles for Euro-5
standards. Thus, the suggestion is to introduce an average index of all Euro-standards
Euroave, which are legislatively established (Euro 0–5). This will make it possible to
estimate the level of hazardous emissions based on the statistical data of the vehicles’
yearly kilometrage (km) and the volume of transported cargo (T-km).

It is recommendable to use the method suggested by a German scientist, Borken [16],
for estimating fuel consumption of the vehicles used for wood biomass transportation. His
method presupposes differential adjustment of fuel consumption based on five different
applications of concentrated load to five different points, namely maximum load, normal
load, minimum load, transportation (for example, transportation from a warehouse to a
field), and idling (for example, during preparations or waiting), as shown in Figure 4.

Upon timing of concentrated load application points, it is possible to estimate vehicle
fuel consumption according to the ratio

Fburnt = ∑ k% · Ccons, (4)

where Ccons is fuel consumption for a specific application point and is applied in the
research in order to estimate fuel consumption of agricultural machinery with the given
rated powers for different concentrated load application points.

In addition to the fuel consumption Cf uel , there are costs of other materials employed
Cem and road costs. In contrast to the vehicle usage costs Cveh, there are personnel costs
Cper including vehicle repair Crv and control costs Ccv. They are not constants and change
with time, for example, lubricant costs.

Special software, “maKost”, is applied in European practice. It has a database carefully
selected for calculating all constant and changeable costs for each concrete agricultural
vehicle model and evaluating its potential negative impacts on the natural environment.
The program was elaborated by “KTBL”, a German inspection board monitoring agri-
cultural machinery and construction, and it is obviously multifunctional software. All
parameters can be set individually, and the database can be used to calculate fuel costs
and repair costs, to outline the needs, estimate economic factors, etc. [27–29]. In order to
reduce time expenditure and make calculations as accurate as possible, it is recommendable
that Ukrainian business entities use the aforementioned software. We also suggest that
a national analogue of this program be elaborated, which would allow one to take into
account the peculiarities of the vehicles used by our business entities.
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Figure 4. Correlation between fuel consumption and agricultural machinery power for different load
application points [28].

In 2006, a Viennese scientist, Kanzian, introduced a model of calculating transportation
time of short agricultural connections, in particular, for trucks making 4–12 km (from the
forest to wood biomass processing department). The average speed of vehicles was
assumed to be 17 km/h [16].

Wood biomass transshipment processes include cargo transshipment costs Ctsh where
various machines and processes are involved. In general, the expenditure includes specific
costs on infrastructure Cin f

tsh , with the area Sa
tsh, personnel Cp

tsh, machines Cm
tsh, and also

energy expenditure Ce
tsh to get machinery ready for use:

Ctsh = ttsh ·
(

Sa
tsh · Cin f

tsh + Cp
tsh + Cm

tsh

)
+ Ce

tsh, (5)

where ttsh is cargo transshipment time.
The observations of German scientist Dobers have shown that a flatbed truck with

a crane can be loaded with branches in 10 min. Branches are aligned and piled up easily,
which is quite productive as the time for unloading is one third quicker (while unloading
branches are not to be aligned or piled) [30].

Evaluating the time needed for transshipment of woodchips using a pneumatic loader
with shovel, it was estimated that loading of a container of 30 m3 takes 15 min. Thus, the
effectiveness of the process will be 120 m3 per hour, which is 1 shovel lift in 1 min [31].

The process of unloading of woodchips off a vehicle is performed by turning it over;
according to preliminary calculations, it is possible to unload 240 m3 of round timber,
firewood, or bales in an hour or 260 m3 of woodchips or fuel pellets [2].

The storage expenses are divided into infrastructural expenses Cin f s and extra ex-
penses on container production and storage of cover materials Ccon, and also the expenses
on loading, transshipping, and unloading Cload are taken into account. Different types
of wooden biomass require different types of storage options: in the warehouses with or
without a roof, in silos, reservoirs, containers, bales, or large bags. All in all, for every
option, the following formula to calculate the expenses on storage of cargo Cstor in a time
tstor, could be used:

Cstor = tstor ·
(

Cinfs + Ccon

)
+ Cload (6)

Additional expenses Ccon are estimated on the basis of the number of containers ncon
or storage structures (wooden framework, hopper for bulk materials) and expenses on
their production Cprod. In case the biomass is to be covered with waterproof material (area
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Smat) to protect from environmental conditions, then these expenses (Smat · Cmat) are added
to the sum:

Ccon = ncon · Cprod + Smat · Cmat (7)

If stored outdoors or covered, the expenses of the containers and the required amount
of waterproof material required to cover a certain area as well as its assembling and
expenses on storage space rental are determined.

Woodchips are loaded, unloaded, and transshipped by means of pneumatic loaders.
Transshipment of the woodchips is also performed with ventilation measures and reduction
of dry mass loss. If biomass is needed to be transshipped again during the storage, then
the additional area Stshp (e.g., larger hopper for bulk materials) is added to the number of
times of loadings ntshp in a time ttshp. The loading, unloading, and transshipment expenses
are calculated with the formula

Cload = (tload + tunl) ·
(

Cp
load + Cm

load

)
+ ntshp · ttshp ·

(
Cp

sload + Cm
sload + Stshp · Cinf

sload

)
(8)

where tload and tunl are the time indicator of loading and unloading, respectively; Cp
load and

Cm
load are the expenses of staff and machines for loading, transshipment, and unloading,

respectively; Cp
sload and Cm

sload are the expenses of staff and machines for second loading,

respectively; and Cin f
sload are specific expenses of infrastructure. The expenses of storage of

wooden biomass are calculated with the formula

Cstor = tcon · ncon ·
(

Cp
load + Cm

load

)
+

tload + tunl
3600

· ncon ·
(

Cp
stor + Cm

stor

)
(9)

where ncon is the number of containers; tcon is the time of the work of loader; and Cp
stor and

Cm
stor are the staff expenses and machinery for storage, respectively.

Apart from this, we should take into account the loss of wooden biomass weight
during the process of drying that is considerable in first weeks of storage. The loss of
weight during the drying process happens in first six weeks and reaches from 80% to 100%.

The expenses on preliminary preparation and processing the wooden biomass Cprep
are calculated similar to the expenses on transshipment of cargo, including the infrastruc-
tural expenses, staff and maintenance of technical means and energetic expenses in general.

Cprep = tprep ·
(

Sprep · Cin f
prep + Cp

prep + Cm
prep

)
+ Ce

prep. (10)

The cut branches are chopped with the wood chopping machine (no infrastructural
expenses). The chopping expenses Cch are calculated with the following formula:

Cch = tch ·
(

nch · Cp
ch + Cm

ch

)
+ Ce

ch, (11)

where nch is the amount of biomass for chopping.
If wood chips, during the chopping, are immediately blown into a vehicle or a con-

tainer for storage, then one should take into account the readiness of the vehicle or the
container, as well as the personnel, for example a driver, who is waiting at this time. In this
case, another item of additional costs arises:

Cch
con = tch

con ·
(

Cp
con + Cm

con

)
, (12)

where Cch
con is costs of the servicing of the container during the chopping; tch

con is chopping
time; Cp

con is personnel costs of the servicing of the container; Cm
con is machine costs of the

servicing of the container.
Then the effectiveness of chopping should be verified. Since the readiness of the vehi-

cle or the container, into which the chopped wood is loaded, is not established, redundant
time is spent on waiting, and, consequently, redundant financial costs arise. Research has
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shown that waiting time and the time spent on the tuning of the wood chopping machine
reduce the net chopping time to 60–70% [18,32].

During the filtration of wood chips, one should also take into consideration seasonal
differences. The quota of small fractions during the usage of waste wood amounts to 50%
in summer months and may plunge to 25% after the leaves fall down in winter months.

If the non-filtered wooden chips are loaded by pneumatic wheel loader, then the
filtration costs Cf il are calculated in the following way:

Cfil = tfil ·
(

Sfil · Cinf
fil + Cp

fil + Cm
fil + Cp

sload fil + Cm
sload fil

)
(13)

where Cf il is filtration costs; t f il l is filtration time; Cinf
fil is specific infrastructural costs of

filtration; Cp
fil is personnel costs of filtration; Cm

fil is machine costs of filtration; Cm
sload fil is

personnel costs of transloading; Cm
sload fil is machine costs of transloading.

Natural air drying of wooden biomass is a long-lasting process; however, the drying
can be done using machinery, for example, using a drying cylinder or a drying container.
In order to calculate drying costs Cdr in addition to heating energy costs Ce

he, we should
consider the costs of the servicing of infrastructure, of drying machinery, and of appropriate
containers (grate container)—Cteh

in f . Here one will also add personnel costs Cp
dr and costs of

the servicing of drying equipment Cm
de, thus obtaining the following drying costs Cdr:

Cdr = tdr · Ctech
inf + Ce

he +
(

tdr + tprep dr

)
·
(

Cp
dr + Cm

dr + Ctech
inf

)
(14)

where tdr is time for the preparation to drying; tprep dr is post-drying treatment time.
According to the research [2], having taken into account the heat and electricity

consumption of the drying cylinder and the drier, we must calculate total costs of the
drying of wood chips with water content from 40% to 10%. In case of six-month drying,
financial costs that are needed to obtain dry mass amount from 6 Euro/t to more than
40 Euro/t, and in case of twelve-month drying, from 4 Euro/t to more than 24 Euro/t.

Ecological evaluation is carried out in the way analogous to the economical evaluation.
For every process, data are calculated to define the level of harmful emissions into the
environment during the usage of fuel, the preparation of equipment (machinery, means of
transport, etc.), and the work of personnel, while ensuring the functioning of infrastructure.

In order to calculate the influence of any means of transport on the environment,
one takes as a basis the factors of influence of greenhouse gases, such as carbon dioxide,
methane, and nitrogen oxide emissions. The algorithm of their calculation is analogous to
the calculation of fuel costs for every shift of transportation, type of road, and cargo type
for an empty or fully loaded truck.

We take into consideration every separate type of road in the same way as in the
process of economical evaluation:

Vveh =
L · mcar

mpload · γ
·
[(

F100
CO2

− F0
CO2

)
· γ + kret · F0

CO2

]
, (15)

where Vveh is harmful emissions of a vehicle; F100
CO2

is emissions factor if the vehicle is loaded
100%; F0

CO2
is emissions factor if the vehicle is not loaded.

FCO2
= ∑ kr ·

[(
F100

CO2
− F0

CO2

)veh · γ +
(

F0
CO2

)veh · kret

]
. (16)

We suggest that domestic enterprises calculate the decrease of the level of harmful
emissions in a way that, when the biofuel burnt by the vehicles is estimated, the emissions
of CO2 and SOx caused by it should be equal to 0. This means that, depending on the
increase of the quota of biofuel in traditional fuel, the CO2 and SOx emissions will decrease
in percentage, Table 1 is given as an example. The fact that the level of harmful emissions
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from 2011 till 2013 remained at 9% means that the quota content of biofuel in the vehicles
of the enterprise remained unchanged during this period.

Table 1. Decrease of CO2 emissions in percent in cases of year-to-year increases of biofuel quota in
the vehicles of enterprises.

Years
Quota of CO2 Emissions Decrease in Contrast to 2005 on

Condition that Biofuel Quota Increases, %

2006 2

2006 4

2010 6

2012 8

2014 10

2016 12

2018 14

2020 16
[self-elaborated].

In order to calculate the direct emissions of road transport, with respect to CO2-
equivalent, we should use the derivatives of the emissions factors:

FCO2
= FCO2bio + FCH4

· QCH4
gg + FN2O · QN2O

gg , (17)

where FCO2bio is emissions factor of a vehicle that uses biofuel; FCH4 is greenhouse gases
emissions factor; QCH4

gg is greenhouse gases emissions quota.
When we evaluate fuel consumption of the entire supply chain, during the ecological

evaluation, we obtain the factors of the emissions of side mixtures (oils, etc.) Fsm
veh, infras-

tructure Fin f
veh , machinery Fm

veh, and other fuel consumption F f uel
veh in the chain. This is why

CO2 emissions into the environment are added to direct Fde
veh and indirect emissions, and

the harmful emissions of a vehicle are calculated as follows:

Vveh = Fde
veh + Ffuel

veh + Fsm
veh + Fm

veh + Finf
veh, (18)

In order to transship the biomass, trucks with crane bodies, pneumatic wheel loaders,
and fork loaders are used. Since during the loading and unloading of the vehicles the
emissions of harmful substances into the environment take place, then

Vtrs = Vde + Vee
trs + Vsm

trs + Vm
trs + Fm

veh + Vinf
trs , (19)

where Vtrs is emissions during the transshipment; Vde is direct emissions; Vee
trs is engine

emissions during the transshipment; Vsm
trs is emissions of side mixtures during the trans-

shipment; Vm
trs is machinery emissions during the transshipment; Vin f

trs is infrastructure
emissions during the transshipment.

Direct emissions of harmful substances are influenced by the usage of fuel during the
transshipment of cargo Vde

trs, as well as while waiting, and by the idling of vehicles Fde
veh

Vde = Vde
trs + Fde

veh. (20)

The first ones are influenced by the consumption of fuel and electric energy by the
machinery (pneumatic wheel loaders and fork autoloaders), and the evaluation of in-
direct emissions (costs of infrastructure and consumables) are already included in the
economic model.
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The emissions of harmful substances during provision include chopping, filtration,
and drying processes.

Vprov = Vde + Vee
prov + Vm

prov + Vinf
prov. (21)

At this time, we obtain direct emissions caused by the usage of fuel for corresponding
machines. We take into consideration the usage of fuel and electric energy, as well as
machines (equipment) and corresponding infrastructure (maintenance of the place) during
the entire logistics chain.

The composition of the model of the economic and ecological evaluation of a wooden
biomass supply chain (Figure 5) is based on the evaluation of specific logistic processes
of “provision–loading–transporting–transshipment–unloading–chopping–warehousing–
storage”, which depend on the functioning sequence, the evaluation of costs and harmful
substances emission, as well as on the identification of the volumes of the potential wooden
biomass provision.

Figure 5. The model of the economic and ecologic evaluation of a wooden biomass supply chain. Source [self-elaborated].

A typical chain of chopped wood supply includes the processes of loading raw
material (branches, trunks) by a mobile crane; road transportation by different trucks;
unloading by turning over, emptying, or cutting; chopping and storing of wood chips at a
rented warehouse, for example; as well as biofuel production.

However, not only physical processes (transportation, transshipment, warehousing,
provision of raw material, etc.) are important in biomass supply, but it is also important
to have a modern software product with a corresponding database, which encompasses
information about the specific character of logistic processes (vehicle type, its carrying
capacity, the level of the development of transportation and warehousing infrastructure,
and its peculiarities in mountain regions, etc.). The following software products are used
in global practice: the database “ecoinvent”; the library “Umberto”; the directory of
emissions factors for traffic “HBEFA”; software for calculations “EcoTransiT World” and
“MaKost”; the global model of emissions for integrated systems “GEMIS”; and basic data
for environment management “PROBAS”. The usage of the appropriate software products
is possible on condition of their adaptation to the domestic databases.

343



Energies 2021, 14, 8574

Practical usage of the model of the economic and ecological evaluation of a wooden
biomass supply chain will enable business entities not only to promote the increase of the
quota of the usage of alternative energy sources in the general energy consumption of the
country, but also to decrease general costs of gathering, transporting, warehousing, and
processing wooden biomass and at the same time to decrease significantly the volumes of
greenhouse gases emissions into the natural and industrial environment. A possible real
application of the model can be divided into three areas:

- Business (formation of the business model of enterprises in the field of renewable
energy sources);

- Fuel (the rationale for the choice of fuel for heating homes, infrastructure, hotels,
recreation centers, and local authorities);

- Recycling (substantiation of directions of use of woodworking waste: chipboard,
chemical processing, cardboard, paper, fuel) [33].

By using the elaborated model and on the basis of expert estimates of the scientists
of Dortmund Technical University, it was established that business entities will be able to
decrease the cargo turnover by about 15%, which will lead to the decrease of costs and
harmful substance emissions by about 10% and will give possibility to analyze system-
atically their costs and the negative impacts on the natural and industrial environments
in separate logistics processes or logistics chains [30]. The literature sources listed in the
article testify to the significant potential of wood biomass in Ukraine. As well as for solar
and wind energy there are state preferences for biomass, so a certain system of benefits can
be offered to consumers themselves, including exemptions from VAT, export duties, etc.

It is necessary to conduct economic and ecological evaluations of wooden biomass
supply chain at every stage with the help of analytical models, defining certain indices.
Thanks to the suggested model of the economic and ecological evaluation of wooden
biomass supply chains, concrete processes of business entities can be presented in mon-
etary equivalents and can be evaluated in terms of greenhouse gases emissions, and the
combination of these results will give possibility to reflect the ecological effectiveness
of a logistics system. Moreover, the elaborated economic and ecological model enables
the identification of the most “vulnerable spots” in the wooden biomass supply chain,
which will become the basis for further optimization of the entire chain and will provide
broad opportunities to improve the analogous evaluation of other supply systems with
consideration of different types of transport. The proposed approach could be suitable for
the supply chain of coal, briquettes, peat, and gas.

4. Conclusions

The first step towards a “green economy” in Ukraine (which is one of the key aims of
energetic policy of the EU) will be a change to renewable sources of energy, considering that
the main directions of energetical potential of biomass and biogas realization in Ukraine is
the production of heat energy and electricity, along with the understanding that modern
methods of energy production are environmentally harmful. Bioenergetics is one of the
chief aims of renewable sources of energy sector development for Ukraine, taking the
country’s strong reliance on imported energy carriers into account, mainly natural gas,
and the high biomass potential available for energy production. Modern technologies
allow different types of biomass to be manufactured; as a result, even those economic
entities are effective for which biofuel business is supplementary, based on their own raw
materials and those that have active heat supply reorientation, for instance, using solid
biofuel boilers that have proven their effectiveness and fast payoff.

Systematization of the results of scientific applied research afford grounds for the
following conclusions:

Logistics research should be focused on new models and new solutions that will allow
the manufacturers of ecological types of energy out of biomass to see concrete practical
steps of the state and investors in encouraging new ideas, technologies, and investing
solutions support.
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The mechanism of constructing and structuring of logistics chains is provided with
a description. The chains are oriented on ecologistics development and stable rates of
wooden biomass provision and consumption growth, which will allow a high level of
competitiveness of the subject economic activity and business efficiency to be ensured by
raising investment resources and new technologies in Ukraine.

During the research on the interaction of elements in logistics in the resources supply
sphere, the topical problems of formation and storage of necessary bio raw materials for
their further recycling into biomass as one of the energy alternatives in regional industry
that considers the specific activity of the subjects, market infrastructure, and other factors.
The proposed model covers the sequence of functioning of such logistics processes as provi-
sion, loading, transporting, transshipment, unloading, grinding, warehousing, storage, and
indexes, showing consumer spending and expenses on equipment (machinery, vehicles,
etc.), staff, infrastructure and so on.

The method’s approaches were improved to construct a model of economic ecological
evaluation of supply chains of wooden biomass that will allow the toolkit of logistic
management in supply processes management to be enriched, particularly when using
biomass for production purposes, and to broaden the sphere of business interaction with
biomass supplier and business entity that ensure its effective recycling. This will also
allow concrete processes of business entities to be presented in monetary equivalents
and evaluate them from the perspective of greenhouse gases emissions, and the resulting
combination will allow one to show ecologistic effectiveness of the whole logistics system.

The paper presents and improves the core components of supply chains in the process
of provision and consumption of wooden biomass, which will allow the negative impacts
on the natural and production environment to be minimized in practice and the usage of
non-renewable energy sources to be reduced, to ensure resource economy and to support
the development of sustainable business entities.

The model of economic and ecological evaluation of logistics chains constructed by
the authors indicates the perspective direction of further implementation of the ideas of
integrated management of resources, expenses calculation, and harmful emissions in whole
logistics chains and also channels further research to search for mechanisms of energy and
resource consumption volume reduction due to the all-in-one vision of production and
logistics processes.
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Abstract: Bio-char has the ability to isolate carbon in soils and concurrently improve plant growth
and soil quality, high energy density and also it can be used as an adsorbent for water treatment. In
the current work, the characteristics of four different types of bio-chars, obtained from slow pyrolysis
at 375 ◦C, produced from hard-, medium-, thin- and paper-shelled walnut residues have been studied.
Bio-char properties such as proximate, ultimate analysis, heating values, surface area, pH values,
thermal degradation behavior, morphological and crystalline nature and functional characterization
using FTIR were determined. The pyrolytic behavior of bio-char is studied using thermogravimetric
analysis (TGA) in an oxidizing atmosphere. SEM analysis confirmed morphological change and
showed heterogeneous and rough texture structure. Crystalline nature of the bio-chars is established
by X-ray powder diffraction (XRD) analysis. The maximum higher heating values (HHV), high fixed
carbon content and surface area obtained for walnut shells (WS) samples are found as ~ 18.4 MJ kg−1,
>80% and 58 m2/g, respectively. Improvement in HHV and decrease of O/C and H/C ratios lead the
bio-char samples to fall into the category of coal and confirmed their hydrophobic, carbonized and
aromatized nature. From the Fourier transform infra-red spectroscopy (FTIR), it is observed that there
is alteration in functional groups with increase in temperature, and illustrated higher aromaticity.
This showed that bio-chars have high potential to be used as solid fuel either for direct combustion
or for thermal conversion processes in boilers, kilns and furnace. Further, from surface area and pH
analysis of bio-chars, it is found that WS bio-chars have similar characteristics of adsorbents used for
water purifications, retention of essential elements in soil and carbon sequestration.

Keywords: walnut shells; pyrolysis; higher heating values; bio-char; surface area

1. Introduction

Continuous environmental issues, ascending prices of petroleum, energy crisis, exhaus-
tion of fossil fuels, increasing application and need for energy are the serious motivations, due
to which there is much insistence on substitute sustainable energy sources. Environmental
friendliness, sustainability and biodegradability are the important characters which have
made the biomass a primary candidate for the generation of bio-energy. The conversion
technologies are the possible options to explore the economic potential of bio-resources. Bio-
fuels and bio-chemicals are formed through thermo-chemical conversion, which includes
pyrolysis, gasification, liquefaction and combustion [1]. Pyrolysis is the most striking process
for converting biomass into bio-fuels [2]. Volatiles and semi-volatiles are discharged from the
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feedstock residues during pyrolysis of biomass and yields gases, bio-oil and chars. Further,
bio-char may be formed with re-condensing vapors into the bio-char material depending on
the residence time of vapor, which increases the bio-char products [3,4].

Bio-char is the solid yield of pyrolysis and has different properties in comparison to
the corresponding feedstock’s, and can deliver considerable and sustainable diversity in
securing an upcoming resource of green energy [5]. It has got several commercial applications,
such as fuel production [6,7], energy storage [8], soil improvement [9], soil conditioner [4,10]
animal farming, building sector, drinking and wastewater treatments, biogas production,
industrial materials (plastics, carbon fibers), exhaust filters, energy production (substitute
for lignite, pellets), electronics semiconductors, batteries), paints and coloring (industrial
paints, food colorants), cosmetics (therapeutic bath additives, skin-cream, soaps), medicines
(detoxification, carrier for active pharmaceutical ingredients), etc. [10–14] as illustrated in
Figure 1. Further it can be upgraded by using appropriate methods [15], to form activated
bio-char and value-added yields. Due to these applications, bi-ochar may be used as soil
amendment and solid fuel due its high porosity, specific surface area and heating value near
to coal. In Taiwan, bio-char is largely used for soil alteration as a result of its high-water
absorption and surface area and acting as an activated carbon [16].

 
Figure 1. Bio-char potential applications of different sectors.

The origin of biomass source is an important parameter, which influences the character-
istics of bio-char yield. Diversified potential biomass residues exist for bio-char formation
including municipal wastes, animal manures, forestry and agricultural residues and an-
other growing biomass. A large number of characters should be considered, however, when
determining biomass feedstock suitability, like the sustainability requirements, possible
toxicity of the bio-char, desired bio-char characteristics and end use [17]. The character-
istics of the bio-char are affected by number of variables, such as pyrolysis temperature
(maximum or minimum), feedstock size, retention time at the maximum temperature and
the pyrolysis atmosphere [4,17,18]. A number of studied reported that the surface area of
bio-char is higher as compared to their respective biomass [19] which makes bio-char is a
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suitable candidate to be either used as an adsorbent or as bio-fuel. Additionally, bio-char
obtained from biomass is rich in minerals, therefore it can also be used to improve soil
conditions [4,17]. Walnut shell bio-char may be a future and eco-friendly candidate for solid
biofuel. Due to its high heating value and may replace the coal fuels (30 MJ kg−1) in future.
Jiang et al. [20], obtained chestnut bio-char by pyrolysis and the preparation were done by
catalytic pre-oxidation with urea and sulfuric acid. The high heating (35.48 MJ kg−1) value
was recorded by this method.

Thermochemical conversion technologies such as pyrolysis are dominant to avert
secondary pollution and beginning circular bioeconomy [21]. Environmentally sustainable
and economically feasible technologies must be engaged to execute industrial-scale pyroly-
sis for manufacture of biochar, thus ease to commercialization and possible applications of
biochar-based yields [4]. Pyrolysis of lignocellulosic biomass residues is an energy strategy
and carbon-negative, needs profound investigation activities internationally [22] in the
field of renewable energy substitutions [23], environmental pollution control [24], climate
mitigation [25], sustainable towards food security and agriculture [26].

Ghodake et al. [27] reported an extensive work on pyrolysis mechanism and physic-
ochemical properties of biochar. They discussed various aspects of in-management of
biomass feedstocks supply chain, biomass feedstock composition and pyrolysis products.
They discussed the possibility of a sustainable way of bio-char production and also how
this could be a great material for soil amendment, agricultural and to achieve circular
bioeconomy. Further, Lin et al. [28] have studied the torrefaction of fruit peel waste to yield
environmentally friendly biofuel. In their work, it was reported that they used Ananas
comosus peel and Annona squamosa peel samples to produce bio-char as a renewable
energy source. Interestingly, it was found that the higher heating value of both bio-char
was increased to 19.1–27.7 MJ/kg after torrefaction. Additionally, they reported a high
energy return on investment for renewable energy. Moreover, it was emphasized that the
application of bio-char for partial coal substitution can reduce CO2 emissions by 83.7–94.3%.
Further, Romanowska-Duda et al. [29] discussed the promotive effect of Cyanobacteria
and Chlorella sp. foliar biofertilization to produce feedstock production, solid biofuel
and biochar. It was reported that triple foliar plant spraying with non-sonicated monocul-
tures of Cyanobacteria and Chlorella sp. exhibited a considerably progressive impact on
metabolic activity and development of plants. Bio-char can be produced in all scales from
individual, domestic as well as the industrial levels and is most prominent and leading
industry at various socioeconomic settings. The opportunity of multi-functionality struc-
tures and sustainable bio-char production practices creates an increasing demand in the
fields of cutting-edge materials, soil amendment, environmental protection, agricultural
sustainability and to achieve mitigation of climate variation and circular bio-economy.
There is a necessity to understand the prediction of organic molecules, bioavailability,
toxicity, concentration, surface functions, surface radicals, mobility and environmental
fates about bio-char structures. The correlation between the structure, applications and
mechanisms of bio-char is progressively developing to enhance their agronomic uses, to
achieve precisely designed bio-char with a zero-waste dream [27–29].

In addition, circular bioeconomy focuses on the sustainable and resource-saving value
of biomass in a broad and multi-generational production chain. Additionally utilizing
residues and waste to optimize the value cascade of biomass in production. Recently,
D’Adamo, Morone and Huisingh [30] discussed a sustainable shift towards bioenergy.
In this work they reiterated that bioenergy should be included in the bioeconomy sector.
In that case, it would also include the agriculture and forestry and new manufacturing
sectors. Currently, several types of agrochemical and biochemical processes are adapted
to convert lignocellulosic residues into value-added yields. The microbial delignifica-
tion joined with hydrolysis to increase biofuel yields such as methane [31], butanol [32],
ethanol [33], hydrogen production [34] and fuel briquettes [35]. None of the literature
reported the comparative study of four different types of walnut shells. In addition to
this, we have carried out research work on the biomass agriculture residues available in
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the State of Jammu and Kashmir, India, which has been again not studied earlier for this
particular geographical area.

In the present study, walnut shells are considered as biomass residue for the produc-
tion of bio-char. Walnut is cultivated mainly in Asian, European and American regions and
is one of the important agricultural products for dry fruit industry. In the last decade, the
production of walnut has increased by ~25% [36]. Walnut consists of oily material kernel
(60%) and a hard covering shell (40%) [37]. The walnut shells, lignocellulosic biomass, have
no utilization except being directly used for combustion in furnace, otherwise it is dumped
in open areas. This study investigates the physio- and thermochemical characterization
of bio-chars obtained from hard-shelled walnut (HSW), medium-shelled walnut (MSW),
thin-shelled walnut (TSW) and paper-shelled walnut (PSW). HHV and molar ratios of
hydrogen to carbon (H/C) and oxygen to carbon (O/C) are determined. The pH values
and surface area of different bio-chars are determined to propose their specific applications.
Three different heating rates are used for TG analysis. Furthermore, bio-chars are also
investigated by scanning electron microscopy, X-ray diffraction and Fourier transform
infrared spectrometry to understand the product profile of bio-char samples obtained from
different walnut shell samples.

2. Materials and Methods

2.1. Sample Collection and Preparation

Walnut samples of HSW, MSW, TSW and PSW were collected from the walnut business
unit Jammu and Kashmir, India, and sundried for three days at a temperature of 25 ◦C
with less than 47% humidity. Thereon, it was crushed by high speed ball mill and passed
through screens in order to obtain particle sizes of 2.5–3, 1.5–2.5 and 0.5–1.5 mm. The sample
biomass residues (Figure 2) was packed in an airtight PVC jar and stored in desiccators for
further experiments.

Figure 2. (a) The original shape of walnut (b) shell residues and (c) their respective bio-chars.

2.2. Pyrolysis Setup: Pyrolysis of Biomass in a Fixed-Bed Reactor

Pyrolysis was carried out in a fixed-bed reactor. The internal diameter and length of
the reactor were 122.26 and 1200 mm, respectively. The design pressure and temperature
were 12 bars and 950 ◦C, respectively. It was surrounded by an electric furnace with
P&ID controller to supply power for heating. Ni-Cr thermocouple was used to sense the
temperature inside the reactor. A batch of 300 g of the individual feedstock was charged
for pyrolysis by increasing the temperature from ambient to 375, 450, 550, 650 and 750 ◦C,
respectively, at a heating rate of 10, 20 and 50 ◦C/min−1. Nitrogen at a flow rate of 50, 100
and 150 cm3/min was used to keep the environment inert and oxygen-free, and also to
carry over the condensable vapors produced during pyrolysis. These vapors were collected
in a condensers I and II to collect oil and scrubbing tank to collect gas. The reaction was
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performed for 35 min, or till no further release of gas was observed. Further, the bio-char
was collected after cooling down the pyrolizer to room temperature. The bio-char samples
were stored in airtight PVC containers for further analysis.

2.3. Material Analysis

The proximate analysis of the bio-char samples was carried out as per ASTM standard
procedures: E871–82 (2013), D1102-84 (2013) and E872-82(2013) for ash and volatile matter
contents, respectively. Ash and volatile matters were determined at a temperature of
580 ◦C for 30 min and at a temperature of 950 ◦C for 7 min, respectively. Fixed carbon was
calculated by subtracting the summation of the percentages of moisture, ash and volatile
matters from 100. All percentages were on the same moisture reference basis (ASTM
E871–82, 2013; (ASTM D1102–84, 2013; ASTM E872–82, 2013) [38–40].

Energy yield and densification of the bio-char yield produced at 375 ◦C were also calculated,
according to the method proposed by Chowdhury et al. (2017) [41]. The energy densification
was obtained by high heating value (HHV) of bio-chars divided by the HHV of biomass residues
and the energy yield was calculated as the energy densification multiplied by the bio-char
yield [42]. Ultimate analysis was achieved by using a CHNS elemental analyzer (Euro EA3000,
Euro vector, Pavia, Italy) as per ASTM procedure D5373-08(ASTM D5373–08, 2008) [43]. Higher
heating values of the bio-char were determined by bomb calorimeter (CC01/M3; Toshniwal,
New Delhi, India) using ASTM procedure D2015-85. 1.0 g bio-char samples was implanted in a
calorimeter, and inflamed in the presence of oxygen. The heat of combustion was recorded for
the calculation of HHV of bio-char samples (ASTM D–85, 2015) [44].

Surface area, pore volume and average pore size measurements of bio-char samples,
obtained from different walnut shell residues, were investigated by nitrogen (N2) adsorp-
tion/desorption isotherms at 77 K using Micromeritics ASAP 2060 V3.05 H Surface Area
Analyzer (Brunauer–Emmett–Teller). About 3 mg of bio-char samples was degassed for
6 h at 200 ◦C under vacuum. Pore volume and average pore size were observed by using
Barrett-Joyner-Halenda (BJH) and surface area with BET method.

The pH bio-char samples was measured using the following procedure: A total of 20 mL
of deionized water was mixed with 0.5 g of bio-char with the help of magnetic stirrer, for 24 h
at 100 ◦C at 150 rpm, in order to get homogeneous solution [43]. The suspension is filtered
and equilibrium was reached after one hour. pH of the filtered sample was measured by
using Orion pH meter (Thermo Scientific, Cambridge, MA, USA) for bio-char samples.

TGA was carried out by the thermogravimetric analyzer (SII 6300 Exstar; Hitachi,
Tokyo, Japan). Runs were accomplished non-isothermally at three different heating rates
(10, 20 and 50 ◦C/min). Nitrogen was used as a carrier gas, at a flow rate of 100 mL min−1.
Bio-char samples were placed on an open platinum sample pans during the TG analysis.
A bio-mass sample of 10 ± 0.26 mg was used in the experiments. The changes in mass of
samples with temperature were recorded for further analysis.

The morphology of the bio-char samples of different walnut shell residues was de-
termined using a SEM (S 3600; Hitachi, Japan) analysis. Images were taken at 15 kV with
10,000× magnification. The X-ray source was tungsten filament dazed with lanthanum hexa-
boride (LaB6), which was equipped with a secondary electron detector (i.e., Evehart-Thornley
detector (ETD)). The biomass samples were circulated on a carbon coated adhesive pursued
by vapor-deposition with gold before investigation. XRD was performed on the bio-char
samples using the diffractometer (D8-Advance; Bruker, MA, USA) (fitted with a Lynx eye
high-speed strip detector) with Cu Ka radiation (λ = 0.15432 nm). One gram of each bio-char
samples was granulated for powder diffraction using X-Ray source with 2.2 kW Cu anode
(40 kV, 40 mA) under angular range 2θ (5−1200). For collection of data from 0.5◦ to 5◦ of 2θ a
regular mode was employed at a scanning speed of 2◦/min.

FTIR spectroscopy of different bio-char samples was carried out using a Nicolet
6700, Thermo scientific USA instrument. FTIR analysis the sample powder diluted in 1%
potassium bromide (KBr). The FTIR spectrum in the range of 500–4000 cm−1 was measured
with a resolution of 4 cm−1.
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The bio-char showed maximum yields at 375 ◦C and the characteristics of biochar, like
proximate analysis, ultimate analysis, HHV and molar ratios of hydrogen to carbon (H/C)
and oxygen to carbon (O/C), were determined at 375 ◦C. The pH values, surface area,
TG analysis, scanning electron microscopy (SEM), X-ray diffraction (XRD) and Fourier
transform infrared (FTIR) spectrometry were analyzed in the same temperature.

3. Results and Discussion

3.1. Proximate and Ultimate Analysis

The results obtained from proximate (on dry ash free (daf) basis) and ultimate analysis,
and the corresponding H/C, O/C and HHV data, are shown in Tables 1 and 2. For the
purpose of comparison, the earlier work reported on bio-chars obtained from different
biomass residues, such as almond shell [45], palm shell [17], wheat straw [46] and also
for coal [47], were included in Tables 1 and 2. For a bio-char sample to be considered as
bio-fuel, moisture content is an important component. The higher moisture content lowers
the heating value and hence affects physical properties and the quality of the yields, which
in turns affects the behavior of fuel properties. The results show that moisture contents in
the bio-chars are in the range of 0.2–0.8%, which are comparable with wheat straw [46] but
much lower than the moisture contents reported for coconut shell bio-chars (7.1 wt%) [17],
lignite (34 wt%) and bituminous coals (11 wt%) [47].

Fixed carbon (FC) and volatile matters (VM) contents of the bio-char are significant
depending on the type of its utilization as an energy source. For bio-chars used in the
present work, the VM contents fall in the range from 8.7–14.4%, which are comparable with
palm shell [17] but higher than coconut shell [17] and wheat straw bio-chars [46]. However,
the values are much lower than lignite (29%) and bituminous coals (35%) [47]. the highest
and lowest VMs were observed in PSW and HSW bio-chars, respectively. The reduction of
volatile matters was due to conversion of volatile matter into pyrolysis products.

FC contents varied from 78.4–85.6%, which are comparable with the values reported
for almond shell [45] and palm shell chars [17]. However, they were found much higher
than bituminous and lignite coals. The highest carbon content present in HSW bio-char
(85.6%) implies that hard-shelled bio-char yield would be the largest among all types of
bio-char samples.

Table 1. Proximate analysis, high heating values, energy density and energy yield of bio-char obtained
at particle size of +1.5–2.5 mm, heating rate 20 ◦C/min at 375 ◦C and comparison with other bio-chars.

Types of Bio-Char

Proximate Analysis (wt% daf)

M VM A FC
HHV

(Mj/Kg)
ED EY References

PSW 0.8 14.4 5.5 78.5 14.8 1.08 72.6

Present work
TSW 0.6 12.1 4.4 78.4 15.2 1.11 72.6

MSW 0.3 11.7 3.2 84.2 16.6 1.15 69.7

HSW 0.2 8.7 2.02 85.6 18.4 1.26 71.9

Almond shells char - 21.2 1.9 76.9 28.2 - - [45]

Palm shell char 2.2 11.5 6.7 88.5 33.6 - -
[17]

Coconut shell 7.1 8.1 4.1 91.9 33.7 - -

Wheat straw bio-char
(WSB) 0.6 ± 0.01 7.3 8.2 ± 0.2 83.9 22.0±0.7 - - [46]

Coal (lignite) 34 43.93 9 46.96 9.3-19.3 * - -
[47]

Coal (bituminous) 11 39.93 10.11 50.56 27.9–34.89 ** - -

M = moisture; VM = volatile matter; A = ash content; FC = fixed carbon; HHV = high heating value; ED = energy
densification; EY = energy yield.
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Table 2. Elemental analysis and H/C and O/C values of bio-chars obtained at particle size of
+1.5–2.5mm, heating rate 20 ◦C/min at 375 ◦C and comparison with other bio-chars and coals.

Type of Bio-Chars
Ultimate Analysis (wt %)

C H N O H/C O/C References

PSW 73.4 3.0 0.8 22.7 0.49 0.3

Present work
TSW 76.6 2.4 0.8 15.2 0.31 0.19

MSW 81.8 3.0 0.6 19.6 0.36 0.23

HSW 82.7 2.38 0.8 14.0 0.28 0.17

Walnut shell 55.3 0.89 0.47 1.6 [35]

Apricot Kernel shell char 72.72 3.17 1.27 19.84 0.50 - [19]

Barley straw 74.83 3.51 0.10 8.46 [48]

Wheat straw bio-char (WSB) 64.8 3.1 0.8 23.0 0.6 0.3 [46]

Coal (lignite) 56.4 4.2 1.6 18.4 - -
[47]

Coal (bituminous) 73.1 5.5 1.4 8.7 - -

The chemical composition of the ash can create significant operational problems in
a thermo-chemical conversion process, such as combustion processes due to formation
of slag from ash at elevated temperatures. For the various bio-chars under study, the ash
contents varied from 2.0–5.5%. Where, HSW contains the lowest value, 2.0%, and PSW
bio-char exhibits the highest value, 5.5%. The ash contents of the walnut shell bio-chars are
well within the range as reported for palm shell, wheat straw, coconut shell, almond shell
bio-chars and coals (Table 1).

The ultimate analysis revealed that the carbon, hydrogen, nitrogen and oxygen con-
tents are almost comparable with each other. The ranges may also be tallied with the
values reported in the literature for apricot kernel shell [19] and wheat straw and other
agricultural bio-chars [48–50]. However, some large variations have been observed in
hydrogen and oxygen for walnut shell [50], and nitrogen and oxygen contents in barley
straw [48]. They were highly carbonaceous, with carbon contents ranging from 73.4% to
82.7%, and much less nitrogen content (n < 1%), which produces a lesser amount of NOX
during pyrolysis.

The energy densification and yield vary from 1.08 to 1.26 and from 69.7% to 72.6%,
respectively. These values are almost comparable with each other for the bio-chars under
investigation. However, the energy densification values are lower and yields are higher
than the values reported by Rather et al. (2017) [51] for weeds bio-char.

H/C and O/C data plotted on the van Krevelen diagram (Figure 3) show that the energy
quality of the bio-char is improved in comparison to the feedstock, and the bio-char may be
compared with lignite coal and other walnut shell and apricot Kernel shell [19,47,50] bio-chars.
The reduction in O/C and H/C ratios is due to the loss of oxygen and hydrogen during
pyrolysis and may be attributed to decarboxylation and demethylation, respectively [50].

From Tables 1 and 2 it can be concluded that the fuel qualities of the different bio-char
samples are improved tremendously, as compared to their respective biomass residues. On
comparison of bio-char samples with other biomass residues, it was observed that volatile
matters, oxygen and ash contents decreased and fixed carbon and carbon content increased.
This shows that bio-char samples have high potential to be used as a solid fuel either for
direct combustion or for thermal conversion processes.

HHVs vary from 14.8 to 18.4 MJ/kg. The values are comparable with the results
for lignite coal as reported by McKendry (2002) [47]. The results obtained in the present
investigation show that the fuel qualities in terms of energy value and fixed carbon contents
of the bio-chars are improved in comparison to the respective biomass residues. Thus, the
bio-chars have the potential to be used as solid fuels.
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Figure 3. Van Krevelen diagram of different types of walnut shells and their respective bio-char yields.

3.2. TGA Analysis of Bio-Char

The results of TGA carried out in an oxidizing atmosphere at 10, 20, and 50 ◦C/min
heating rates are revealed in Figure 4. The weight loss range can be classified into the three
divisions. Every new slope indicates the beginning of a new stage. In the first division,
about ≈2.5–7% mass loss was observed between the temperatures from 29 to 160 ◦C for all
heating rates and for all types of bio-chars. In the first stage, the maximum mass loss seems
to occur in TSW (7%) at 20 ◦C/min and the lowest in HSW bio-char (2.5%) at a heating rate
of 50 ◦C/min (Figure 4b,d).The mass loss is due to the removal of moisture and sorbent
water bounded by surface tension. The second zone starts at 330 ◦C and continued up to
475 ◦C where the mass loss from 75–81% at 10 ◦C/min, 78–89% at 20 ◦C/min, and 81–90% at
50 ◦C/min are recorded for all bio-chars. A huge weight loss of 90% for HSW at a heating
rate of 50 ◦C/min and average weight loss of 82.5% were observed for rest of the bio-chars,
see Figure 4d. In this zone the mass loss is due to the existence of cellulose and lignin contents
which undergo a oxidation/devolatization reaction. The third zone starts at 475 ◦C and
continues with almost negligible loss of mass. The decomposition of lignin takes place very
slowly in the third zone as a result almost straight line is observed. The behavior of TGA
analysis was found in agreement with the outcomes described in the literature [52–57].

The above statement is also endorsed by the research carried out many other re-
searchers [58–60] with respect to the decomposition of cellulose, hemi-cellulose, and lignin
within the given temperature ranges. The thermogravimetric analysis of various bio-char
samples in an oxidizing atmosphere suggested that produced bio-char can be used as
alternative solid fuel for various processes.

From the TG curves, a decomposition performance may be illuminated by the spe-
cific constituents of bio-chars, whereby the cellulose, hemi-cellulose and lignin are the
main components and extractives are the minor components. It was also noticed that the
decomposition of cellulose, hemi-cellulose and lignin was accomplished at temperature
intervals of 310–400, 210–325, and 160–900 ◦C, respectively, which is comparable to other
bio-chars [56–60]. Therefore, it can be concluded that the major and minor reactions, as
detected, in the active pyrolysis zone may be credited to cellulose and hemi-cellulose
decomposition. The final zone revealed much less mass loss due to slow degradation of
lignin at 510 to 800 ◦C to produce bio-char as residue [61,62]. Similar observations have
also been made by other researchers [61–63]. It was also observed that, at low heating rate,
the pyrolysis above 550 ◦C was almost negligible.
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Figure 4. (a–b) TGA profiles of (a) PSW, (b) TSW, (c) MSW and (d) HSW bio-char in an oxidizing
atmosphere at 10, 2, and 50 ◦C/min heating ranges.

3.3. SEM and XRD Analysis of Bio-Chars

The surface morphology of bio-chars, collected from SEM analysis, is exhibited in Figure 5.
It is evident that PSW (a) shows porous cracks and HSW (d) shows the agglomerated rocky-like
structure. However, TSW (b) and MSW (c) show planner sheet-like structures. The structures
have rough textures and are heterogeneous in nature. The results are similar to those found by
Guerrero et al. (2008) [64], where they mentioned melting followed by devolatization and finally
vesicle formation responsible for the formation of such structures [64,65]. As temperature gets
increased with high heating rate, there is release of various volatile components. Devolatilization
results in morphological changes of bio-char, followed by the formation of high pore surface
structure of bio-char samples [54].

The XRD patterns of the bio-chars at a temperature of 375 ◦C are shown in Figure 6.
The peaks are in the range of 5–900 on the base line of the diffractograms. The peaks at
14◦ (d-space~5.96 Å), 15◦ (d-space~5.7 Å), 16◦ (d-space~5.3 Å), 22◦ (d-space~4.0Å), 26◦
(d-spa1ce~3.34 Å) and 35◦ (d-space~2.5 Å) were assigned to cellulose and hemi-cellulose,
respectively. Different types of bio-char samples in the diffraction angle (2θ) have a wide
halo in the 2θ range from 6 to 20◦, showed that chain contains large number of carbons
containing components substances. The band at 2θ = 22◦ showed disordered structure,
which occurred due to presence of aliphatic and distorted arrangement of carbon chain.
Broad peak at 2θ ≈ 26◦ of bio-char indicated presence of silica in the X-ray diffractogram.
The peak at 15 and 16◦ were derived from cellulose constituent. Bio-char samples showed
narrow and sharp bands over the examined 2θ, due to the presence of inorganic constituents
in the carbon chain. The XRD graphs confirmed the aromatic and crystallinity nature of
the bio-chars, which is in agreement with other bio-chars [65–67].
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Figure 5. (a–d) Scanning electron micrographs (magnification 10,000×) of (a) PSW, (b) TSW, (c) MSW
and (d) HSW biochars.
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Figure 6. XRD of the different types of bio-char.

3.4. FTIR of Bio-Char

Functional group analysis of various bio-char products, obtained using FTIR spec-
troscopy, is shown in Figure 7, and the band assignment is discussed in Table 3. The FTIR
spectrum in the range of 500–4500 cm−1 was measured with a resolution of 4 cm−1. Major
components of biomass are hemicellulose, cellulose and lignin. Lignin, unlike cellulose,
possesses olefinic carbon-carbon (−C = C−) double bond in cyclic as well as side chains
and is aromatic in nature [68]. The band peaks at the wave numbers of 3465, 3428, 3411
and 3442 cm−1 are for PSW, TSW, MSW and HSW bio-chars, respectively, which indicated
the stretching vibration of−OH hydroxyl groups of phenol. The second prominent peaks
are at 3050 and 2849 cm−1, and 3075, 2925 cm−1, only shown by TSW and MSW bio-chars,
which represent the −CH stretching vibrations due to the presence of methyl/methylene
group. The peak at 1587 cm−1 represents the aromatic C = C ring stretching vibration of
lignin. The medium band intensity between 1398–1401 cm−1may be assigned to aromatic
skeleton vibrations combined with C−H in plane deformations of bio-chars. The band peak
at 1265 cm−1 of PSW bio-char confirmed the presence of aromatic CO− and phenolic −OH
stretching due to the presence of cellulose, hemi-cellulose and lignin. The 750 cm−1 band
peak showed 3–4 adjacent H deformation of all bio-char samples except TSW bio-char.

From Figure 7 it can be concluded that the different peaks for different bio-char
samples are almost similar. A drift of wave number from alower to higher value was due
to an increase in temperature, which indicated more carbon content of the char. The wave
number from 3400 to 3460 cm−1 indicated low frequency values between these peaks,
suggested that hydroxyl groups are involved in hydrogen bonding. The non-involving OH
bonds were above 3500 cm−1 for other groups (i.e., alcohols, phenols and carboxylic acid).
Hemicelluloses and celluloses components are broken completely; it goes into either gases
or liquid products. The peaks in the range of 1585–1127 cm−1 indicated the presence of
hemi-cellulose components. The holo-cellulose (cellulose+hemi-cellulose) structure will
collapse after wave number gets reduced. The band intensities were decreased at 3411 cm−1

(O−H stretching) and 1127 cm−1 (C−O stretching) due to the existence of a hydrogen
bond, reduction of water and cellulose contents in bio-char. The band intensity of the
absorbance of the −OH decreased. Due to complete loss of alcoholic or phenolic groups,
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the oxygen:carbon ratio of the char decreased. Further, due to high rigid structure lignin
was remain within the carbon chain at 1400 to 750 cm−1 in the bio-char, while unconverted
lignin remains within the bio-char. Similar observations were reported for different bio-
chars in the literature [64,68–70].

Figure 7. Infrared spectra of the different bio-chars.

Table 3. FTIR band assignments spectra of different types of bio-chars at 375 ◦C.

Band Assignment
Band Frequency (cm−1)

PSW TSW MSW HSW

O–H stretching 3465 3428 3411 3442

C–H stretching - 3050, 2849 3075, 2925 -

Aromatic vibrations of
C–C/C = C stretching 1587 1585 1585 1586

C–O–H in-plane bending and
aromatic vibrations 1401 1398 1400 1399

OH bending and CH
deformation vibrations 1265 - 1265 1265

C–H in-plane deformation and
C–OH stretch in syringyl 1121 1124 1124 1127

O–CH3 and C–OH stretching - - 1021 1015

C–H out-of-plane stretching
868 870, 806 865, 803 868

750 750 747 750

3.5. Surface Area, Total Pore Volume, Average Pore size Volume, pH and its Potential Applications

The surface area, total pore volume, average pore size volume and pH values of different
bio-chars, shown in Table 4, are significant like other physical and chemical characteristics. It
may strongly influence the combustion and reactive behavior of the bio-char. The bio-chars
produced at pyrolysis temperature of 375 ◦C develop high porosity in the surface of bio-chars
which emerged macro and micro porous particles. This occurs due to removal of volatile
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matters from different biomass residues [71]. Due to opportunity of high pores surface area
and adsorption sites which contributes to adsorptive capacity and also provides spaces for
nutrients/pollutants and water retention [53] in soil treatment applications.

For different bio-chars investigated in the present work, BET surface areas are found
as 40–58 m2/g, at particle size and heating rate +1.5–2.5, and 20 ◦C/min, respectively,
for paper-, thin-, medium- and hard-shelled walnuts, at temperature of 375 ◦C. With an
increasing temperature, reduction in the surface area values are predominantly detected,
as shown in Table 4. The fusion of adjacent pores seems to predominate, leading to the
decline in the surface area and thermal deactivation of the bio-chars. The bio-chars used
in the present work have higher surface area and some others were comparable with the
investigation reported by other examiners (Table 4) for different biomass residues [72–76].
The highest and lowest surface areas are in HSW and PSW bio-chars, respectively. Due to
high BET surface area and quality of bio-chars, it could have high adsorption capacity. For
the application of bio-char in wastewater treatment and soil remediation, the BET surface
area and quality of bio-chars can be further enhanced by alkaline and acid treatment.
Moreover, it can be transformed to activated carbon for water purification processes and in
fuel utilities.

Pyrolysis of biomass involves eradication of organic/volatile matters, which enhances
the alkali concentration [77]. The pH plays an important role for soil fertility, which effects
the types of plants, availability of nutrients and microbes to be consumed [52]. The pH
is found in between 8.1–8.3 for all types of bio-chars, respectively. All bio-char samples
showed alkaline characteristics, and may be used for soil amendment to neutralize soil
acidity, and also enhances the soil quality and improves the yield productivity [78]. Similar
results have also been made by other investigators and are comparable with the obtained
results, as reported in Table 4.

3.6. Circular Economy Models

The circular bio-economy is a concept for the transformation and management of land,
food, health and industrial systems using renewable natural capital. It has the aim of achiev-
ing sustainable wellbeing in concord with nature. The prosperity of the recycling-based
bioeconomy requires modern technology, innovation, traditional wisdom and biodiversity.
That is ultimately the fundamental driving force for bioeconomy. Further, biodiversity
affects the ability of biological systems to adapt to changing environments. Thus, it become
important to ensure the resilience and sustainability of biological resources. It must be
recognized its importance not only through proper nature maintenance policies, but also
through locally adapted market-based means that encourage farmers, forest owners and
bio-based companies to invest in biodiversity. Since the industrial revolution, human
activity has been a major cause of global environmental change. Humans and the envi-
ronment have a skewed connection, which has resulted in faced thresholds and turning
points connected with planetary boundaries, such as biodiversity loss and the global cli-
mate catastrophe [84]. A sustainable bioeconomy also encompasses more than just the
interchange of fossil and renewable resources. Low-carbon energy, sustainable supply
chains, and promising disruptive conversion technologies are all required for the long-term
conversion of renewable energy resources into high-quality bio-based goods, materials
and fuels. The natural environment, human health and natural resources are one of the
activities [85]. Circular economy means that it is fundamentally different from person to
person. It has basically become an “essentially controversial concept”. This is a phrase
created by Gallie [86], and although there is consensus on the means and purpose of the
concept, there is disagreement on its definition. Recently used to characterize the concept
of the circular economy [87], the European Commission’s bioeconomic strategy interprets
the circulating bioeconomy as a framework for reducing dependence on natural resources.
Manufacturing transformation: Promote sustainable production of renewable resources
from land, fisheries and aquaculture. It will drive the transition to a variety of bio-based
products and bioenergy while creating new jobs and industries [88]. On the one hand,
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circular economy focuses on increasing efficiency and reducing speed, reducing and closing
hardware loops to reduce resource consumption and system waste through reduced inputs,
sustainable design, practice improvement, reuse and waste recycling [89,90]. In accordance
with circular bioeconomy concepts, the bio-char was prepared form different walnut shells
as a biomass residue at different temperatures, particle sizes and heating rates. The smaller
particle size was considered as there may be higher temperature gradient in larger particles,
which results into non-uniform heat distribution in the biomass particle. The different
bio-chars showed high carbon (73.4–82.7) and lower nitrogen contents with high heating
values (14.8 to 18.4 MJ/kg), which enhanced bio-char qualities and is comparable to high
quality lignite coal, and, therefore, can be utilized as a renewable solid fuel.

Table 4. Surface area, total pore volume, average pore size volume and pH values of WS bio-chars
with different temperatures, at 1.5–2.5 mm particle size and 20 ◦C/min heating value.

Bio-Char Types
(Pyrolysis

Temperature)

BET
Surface
Areas
(m2/g)

Total Pore
Volume
cm3/g

Average
Pore Size

(Å)
pH Applications References

PSW 42 0.012 17 8.4 Fuel, energy storage, soil conditioner, building
sector, drinking and wastewater treatments,
biogas production, exhaust filters, industrial

materials, electronics semiconductors,
cosmetics, paints and coloring

Present workTSW 44 0.013 18 8.2

MSW 48 0.014 19 8.1

HSW 58 0.016 19.5 8.3

Sugarcane bagasse
(500 ◦C) 10.85 0.011 43.7 8.1 Solid fuel, adsorbent, soil amendment [53]

Apricot kernel shell
(550 ◦C) 195 0.1124 - - Activated carbon, fuel applications, water

purification, adsorption [19]

Rice straw (600 ◦C) 4.76 0.0023 18.74 - Adsorption Water purification, activated
carbon, fuel applications [74]

Coconut fiber (600 ◦C) 23.2 0.04 9.6 Sequester carbon in soils, improving soil
quality and plant growth [17]

Flax straw
(550 ◦C) 28.7 0.009 37.5 - Soil amendment, carbon sequestration,

activated chars. [72]

Wood
(450 ◦C) 23 6.7 Soil reduced the C-mineralization rate

compared against the control soil samples [75]

Paddy Straw (500 ◦C) 45.8 10.5 Fertilizer consumption reduced, and
sequestrate carbon [76]

Durian wood sawdust
(450 ◦C) 45.78 5.786 80.98 6.4

Provide suitable proportions for developing
clusters of microorganisms, water retention
capacity in soil and enhances soil fertility.

[79]

Spent P. ostreatus
(500 ◦C) 18.05 0.061 136 10.37 Potential adsorbent for removing heavy metals

from wastewater [80]

Corn stalk
(450 ◦C) 57.80 0.081 49.1 Adsorption characteristics and mechanism of

bio-char on nonpolar pollutants [81]

Rice husk
(500 ◦C) 92.6 0.076 22.0 Adsorptive properties [82]

Charcoal fines
(500 ◦C) 43 ± 3 0.035 Water retention capacities and cation

exchange capacity [83]

4. Conclusions

Persistent environmental problems, rising oil prices, energy crisis, depletion of fossil
fuels, and growing application and demand for energy are important reasons why people
are resolute in demanding energy sources and alternative sustainable fuels. For the environ-
ment, sustainability and biodegradability are key characteristics that make biomass a prime
candidate for bioenergy production. Bio-char has the ability to sequester carbon in the soil,
while improving plant growth and soil quality, with high energy density. Further, it can
also be used as an adsorbent for water treatment. In the present study, the characterization
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of four different bio-chars, obtained by slow pyrolysis at 375 ◦C, produced from hard,
medium, thin seed residues and paper peels was investigated. The properties of biochar,
such as proximate and ultimate analysis, heating value, surface area, pH value, thermal
degradation behavior, morphological and crystalline nature and functional characterization
using FTIR, were determined. The key outcome from the present work can be summarized
as follows;

• The pyrolytic behavior of bio-char was studied using thermogravimetric analysis
(TGA) in an oxidizing atmosphere. SEM analysis confirmed morphological change
and showed heterogeneous and rough texture structure.

• Crystalline nature of the bio-chars was established by X-ray powder diffraction (XRD)
analysis. The maximum higher heating values (HHV), high fixed carbon content and
surface area obtained for walnut shells (WS) samples were found as ~18.4 MJ kg−1,
>80% and 58 m2/g, respectively.

• Improvement in HHV and decrease of O/C and H/C ratios led the bio-char samples
to fall into the category of coal and confirmed their hydrophobic, carbonized and
aromatized nature.

• From the Fourier transform infra-red spectroscopy (FTIR), it was observed that there
was alteration in functional groups with an increase in temperature, and illustrated
higher aromaticity. Therefore, it could be concluded that the bio-char obtained from
walnut shell has a high potential to be used as an efficient fuel in both industrial as
well as domestic furnaces for energy production.

• Further, from surface area and pH analysis of bio-chars, it was found that WS bio-chars
had similar characteristics to adsorbents used for water purifications, retention of
essential elements in soil and carbon sequestration.

• The improvement in characteristics of different bio-chars, as compared to their re-
spective biomass residues, showed that it may also be used as a good adsorbent for
wastewater treatment as well as for enhancing soil fertility.
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Abstract: Biomass-based pellet is an important source of renewable energy. In this study, to obtain
the high-quality fuel pellet via the densification of pruned branches of fruit trees, we investigated the
optimization of blending ratios for different raw materials using branches from jujube (Ziziphus jujuba
Mill.), which is a widely distributed waste biomass resource in China. Through the characterization
of raw materials and pellets, the effects of different raw materials on the storage, transportation, and
combustion performances of the pellets can be understood. The cost evaluation analysis showed
that the two optimized, co-densified pellets had great cost advantages compared with the pure
jujube branch pellets. This indicates the potential industrial value of optimized pellets. The results
of this study can help to improve the application value of orchard residues and generate an addi-
tional profit for fruit plantations, simultaneously avoiding the environmental damage caused by its
open combustion.

Keywords: orchard residues; densification; formula parameters; biomass; bioenergy

1. Introduction

Energy has always been crucial for human survival and development [1]. In recent
years, the fast consumption of fossil energy has shown an increasingly negative impact on
the global environment [2,3]. Hence, the development and utilization of alternative energy
sources have become major concerns at the global scale [4,5]. In response to this, biomass
energy received an increasing amount of attention as an environmentally friendly energy
source [6,7].

Every type of organic matter produced directly or indirectly from the process of pho-
tosynthesis is considered biomass [8]. Orchard residues are an important type of biomass
that is abundant, widely distributed, and renewable [9]. China is a major fruit-producing
and exporting country, with a fruit cultivation area that reached 12,276,700 hm2 by the end
of 2019. The pruned branches of fruit trees produced during routine orchard management
are one of the key producers of Chinese orchard residues [10,11]. However, due to their low
bulk density and complicated geological distribution, pruned branches are often treated
as solid waste. Additionally, their poor storage, transportation, and combustion perfor-
mance makes economic benefits difficult, further resulting in excessive resource waste and
environmental pollution through open combustion [12,13].

For this reason, the pruned branches of fruit trees and other orchard residues can be
densified into pellets, and used for industrial power generation or home heating [14,15].
Compared to forestry residues, pruned branches of fruit trees have a higher ash content
and lower energy density, so they are not a conventionally desirable raw material for
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producing pellets. Therefore, they can be blended with forestry residues such as pine
wood, with the advantages of both combined [16]. However, this approach raises new
issues. Specifically, the pruned branches of fruit trees and forestry residues, which can
complement each other, are not always produced at the same geological location. Due
to the far distance of the production source, the cost of biomass resources will increase
dramatically with the increase in the transportation distance. Therefore, they are more
suitable for local acquisition, processing, sales, and use. Hence, to improve pellet quality at
an acceptable cost, it is necessary to consider other biomass fuels from the same origin as
the pruned branches of fruit trees for co-densification. For example, by co-densifying the
pruned branches and pomace of olive trees, the mechanical strength and bulk density of
pellets can be significantly improved [17]. Another effective approach is to increase the fixed
carbon content and higher heating value of biomass feedstock by further thermochemical
processing, such as conversion into biochar [14]. However, biochar has a lower mechanical
strength and often requires additives for binding during densification [18].

In order to solve the above problems, in this study, pruned branches of fruit trees and
their biochar were mixed and co-densified in proportion, and an appropriate amount of
biomass additives were used to obtain pellets with an excellent quality and controllable
cost without increasing process complexity.

2. Materials and Methods

2.1. Raw Materials

The raw materials used for pellet production were categorized as main raw materials,
secondary raw materials, and additives [19]. The jujube tree (Ziziphus jujuba Mill.) is native
to China and often grows below 1700 m sea level in various landforms, mountains, hills,
or plains. Currently, the jujube tree is widely planted in 21 provincial-level administrative
regions (34 in total) in China and is one of the most distinctive local fruits in the country.
China’s jujube planting area covers about 3,250,000 hm2, accounting for 26.47% of the
country’s total fruit tree planting area. Therefore, the use of pruned jujube tree branches
(JB) as a primary feedstock, and their charcoals (JBC) as a secondary feedstock, to produce
pellet could significantly reduce the quantity of the waste jujube biomass by converting
it into clean fuel. In addition, considering the cost and potential pollution problems, it
is best to use biomass-based raw materials, which are low-cost and available in large
quantities, as additives. A preliminary experiment showed that coco coir (CC) and bone
meal (BM) in garden flower fertilizer had better properties as additives. CC and BM meet
the requirements for additives in the recommended standard of the Ministry of Agriculture
of China (NY/T 1878-2010).

JB and JBC were purchased from Xuzhou Simaide Trading Co., Ltd. (Xuzhou, China).
The JB originated from orchards of regularly pruned jujube trees during winter to save
nutrient consumption and ensure the smooth overwintering of jujube trees. According to
the producer, the JBC is produced by the pyrolysis and hardening of the JB in an SXGT-1000
rotary drum type carbonization furnace (Sanxiong Heavy Industry, Zhengzhou, China) at
temperatures of 300–400 ◦C and a heating rate of approximately 2 ◦C/s. CC and BM were
purchased from Dewoduo Fertilizer Co., Ltd. (Hengshui, China). The CC was produced by
washing and crushing coconut shells, which were then dried and pressed into bricks. The
BM was made by the steaming method, in which the animal bones were transferred into an
autoclave and heated at 105–110 ◦C. Steam was continuously supplied to the autoclave,
and the bones were dried and crushed after most of the grease and gum were removed.
Ultra-pure water (UW) was prepared using a Molro 40 economic water purifier (Molecular,
Shanghai, China).

Table 1 reports the physicochemical properties of the raw materials. The moisture
contents of all raw materials did not exceed 6 wt%, which was within the optimal range
of the densification requirements. The HHV (higher heating value) and bulk density of
the JBC, obtained following pyrolysis, increased significantly due to the consumption of
volatile components and the enhanced fixed carbon. This was reflected in the increased

370



Energies 2022, 15, 113

energy density by approximately 3.26 times compared to the JB. Additives are generally
used to improve the physical stability of pellet that was blended and densified, as its lower
energy density, and higher ash content may have a negative impact on the combustion
performance of densified pellet [20], and thus the content of these additives in the pellet
formulation need to be controlled to less than 10 wt% [21].

Table 1. Physicochemical properties of the raw materials used to produce pellets.

Sample
Name

Proximate Analysis (ar a, wt%)

MC b VM ASH FC

JB c 5.45 ± 0.62 84.53 ± 0.59 1.84 ± 0.23 8.19 ± 0.62
JBC 2.45 ± 1.16 38.13 ± 0.97 4.37 ± 0.04 55.05 ± 1.16
CC 5.36 ± 0.88 61.28 ± 0.38 15.21 ± 0.81 18.15 ± 0.88
BM 0.72 ± 0.23 17.37 ± 0.10 81.90 ± 0.23 0.01 ± 0.23

Sample
Name

Ultimate Analysis (ar, wt%)

N C H O S

JB 5.75 50.41 6.11 35.85 0.48
JBC 1.81 42.61 7.80 46.20 0.44
CC 2.15 44.74 6.08 44.40 0.16
BM 2.86 37.84 8.13 47.82 0.89

Sample
Name

HHV d

(MJ/kg)

Bulk Density
(kg/m3)

Energy Density
(GJ/m3)

JB 18.67 250 4.67
JBC 31.84 490 15.60
CC 17.45 140 2.44
BM 2.93 950 2.78

a Ar as received basis. b MC: Moisture content; VM: Volatile content; ASH: Ash content; FC: Fixed carbon. c JB:
The pruned jujube tree branches; JBC: The charcoal of the pruned jujube tree branches; CC: Coco coir; BM: Bone
meal. d HHV: Higher heating value.

2.2. Pre-Treatment of Raw Materials

Prior to the preparation of the densified pellet, the raw materials were pretreated
by crushing and sieving. First, the raw materials were processed into lumps less than
10 mm in diameter using pruning shears and a hand hammer. Following this, 1.5 kg of raw
materials were weighed and placed into an RS-FS1811 high-speed grinder (Royalstar, Hefei,
China) for full pulverization. The crushed raw materials were then sieved using a ZDS-05
vibrating screening machine (OLAD, Quanzhou, China). The standard sieves were installed
from top to bottom with a 10 (0.85–2.00 mm), 20 (0.60–0.85 mm), 30 (0.18–0.60 mm), and 80
(<0.18 mm) mesh. The sieved raw materials were weighed, and the volume was measured
to calculate the bulk density.

2.3. Optimization of Pellet Formulation
2.3.1. Densification Process

The particles of the different raw materials (densification of some samples required
the addition of UW) with a total weight of 1.00 g were initially mixed proportionally in
a ϕ40 mm jar, and, subsequently, mixed thoroughly using an XH-C vortex mixer (AICE,
Taizhou, China). The mixed raw materials were densified using a 769YP-30T manual
powder tablet press (REOTAI, Guangzhou, China) with an alloy steel mold [22]. The inner
diameter of the alloy steel mold was ϕ15 mm, with a loading zone height of 50 mm. The
densification process was carried out at ambient temperature with a uniform manual
pressure of 144 MPa [23]. After holding the pressure for 90 s, the pellet samples were
removed using an ejector [23]. The as-prepared samples were stabilized for 15 min in air,
then weighed using an FA2204C analytical balance (Techcomp, Shanghai, China), and their
external dimensions were measured using a digital vernier caliper. Finally, the samples
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were labeled, the pellet density was calculated, and they were subsequently sorted and
stored in sealed bags.

2.3.2. Experimental Design

The storage and transportation performance of a pellet are two crucial factors deter-
mining its industrialization potential; the combustion performance and cost effectiveness
of the pellet are also essential for determining its suitability for industrialization. Hence,
the experimental process was divided into three stages: (1) parameter range screening
tests were employed to investigate the influence of individual factors on the storage and
transportation performance of samples and to determine the factor level range required for
the optimization test; (2) pellet formulation optimization tests were designed to evaluate
the interaction effect of various factors on the storage and transportation performance of
samples, and determined the optimized formula parameters in combination with their
combustion performance; and (3) the pellet formulation comparison test was conducted
to compare the storage and transportation characteristics, combustion characteristics and
cost-effectiveness of different pellet samples to validate the superiority of pellet.

During the storage and transportation processes, the pellet may gradually break due
to vibration, extrusion, etc., which can cause soil contamination and waste dispersion, and
negatively impact its combustion efficiency. Hence, it is necessary to improve the physical
stability of pellet [24]. In this study, drop resistance was employed as the primary evaluation
index of the physical stability, and the primary indicator of storage and transportation
performance. For the physical stability tests, the samples were subjected to free drop motion
at a height of 1.85 m onto the steel plates on the ground, with each sample hitting the steel
plate three times. The mass ratio percentage of the sample before and after the drop was
used to indicate the physical stability of the pellet. Test results with values greater than
or equal to 98% indicated that the pellet sample met the standard. The pellet density was
employed as the secondary indicator of storage and transportation performance. According
to the recommended standard of the Ministry of Agriculture of China (NY/T 1878-2010),
the pellet density should be greater than or equal to 1000 kg/m3 [25].

Table 2 reports the factors, levels, and formulation parameters for each stage of the
drop test. In the parameter range screening test, JB particles with a particle size ϕ < 0.18 mm
(80 mesh) were employed as the main raw materials in the first group of tests, and no
additives were included. In the second group of tests, the JBC content in the secondary raw
materials was maintained at 20 wt% without additives, while in the third group, 10 wt%
additives were added based on the parameters of the previous two groups.

The pellet formulation optimization tests were performed using a four-factor, three-
level orthogonal test. Orthogonal testing employs mathematical statistics to rationalize
the test procedure [26]. This method can significantly reduce the number of tests without
losing test information and is able to simultaneously analyze multiple factors and their
interactions. The optimized formula parameters were obtained by the variance and range
analysis of test results. The variance analysis decomposes the sum of squares of the total
variance and subsequently performs statistical tests [27] to determine the influence of the
controllable factors on the test index. Range refers to the maximum difference between
the test results of each factor at different levels. By comparing the range of each factor, the
order of magnitude can be used to determine the primary and secondary effects of each
factor [28]. Based on the results of the range and the variance analysis, the JBC content was
increased to the maximum value to obtain the optimal formula parameters of the highest
JBC content.

The pellet formulation comparison tests were conducted to compare the characteristics
of samples without JBC and additives according to the above optimal formulation and
to analyze the differences and reasons through characterization. In Table 2, the samples
are named in the form of JB + number 1 + (number 2) + C + number 3 + additive type.
For example, JB56(80)-C37-CC means that the sample consists of 80 mesh JB with a mass
fraction of 56 wt%, and JBC with a mass fraction of 37 wt%, with CC as the additive. For
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the three-stage experiment, all tests were repeated three times for each sample, and the
mean and standard deviations were calculated.

Table 2. Factors, levels, and formula parameters of the three-stage experiment.

Parameter
Range

Screening
Tests

Group
Number

Factor Level

1 JBC a content (wt%) 0 10 20 30 40
2 JB particle size (mesh) 10 20 30 80 -
3 Additive type CC b BP UW CG -

Pellet
Formulation
Optimization

Tests

Total
Number

Factor Level

27

JBC content (wt%) 25 30 35
JB particle size (mesh) 20 30 80

Additive type CC BM UW
Additive content (wt%) 10 7 4

Pellet
Formulation
Comparison

Tests

Sample
Name

Formula Parameters

JBC
Content
(wt%)

JB
ParticleSize

(mm)

Additive
Type

Additive
Content
(wt%)

JB100(80) c - <0.18 - -
JB63(80)-C37 37 <0.18 - -

JB56(80)-C37-CC 37 <0.18 CC 7
JB100(30) - 0.60–0.18 - -

JB69(30)-C31 31 0.60–0.18 - -
JB65(30)-C31-BP 31 0.60–0.18 BM 4

a JB: The pruned jujube tree branches; JBC: the charcoal of the pruned jujube tree branches. b CC: Coco coir; BM:
Bone meal; UW: Ultra-pure water; CG: Control group. c The samples are named in the form of JB + number 1 +
(number 2) + C + number 3 + additive type. For example, JB56(80)-C37-CC means that the sample consists of
80 mesh JB with a mass fraction of 56 wt%, and JBC with a mass fraction of 37 wt%, with CC as the additive.

2.4. Characterization

Proximate and elemental analyses were performed on the raw materials. The former
adopted the analytical methods of the American Society for Testing and Materials (ASTM
1762-84 and 3173-87) [29], and the latter was conducted via a vario PYRO elemental analyzer
(Elementar, Langenselbold, Germany). Higher Heating Value (HHV) measurements of raw
materials and samples were obtained using an LC-VC-430 automatic calorimeter (UCHEN,
Shanghai, China). The bulk density of raw materials was measured using a 500 mL density
cup, while the pellet density of samples was calculated by the ratio of mass to volume [30].
The energy density of raw materials and samples was taken as the product of bulk density
or pellet density and HHV.

The moisture absorption behavior of the samples was measured using an HWS-158
constant temperature and humidity incubator (Ningbo Southeast Instrument Co., Ltd.,
Ningbo, China). The samples were dried in a DHG-9070AS incubator (Ningbo Southeast
Instrument Co. Ltd., Ningbo, China) at 105 ◦C for 12 h to remove the internal moisture, and
then transferred into an incubator operated at the relative humidity of 70% at 30 ◦C [31,32].
The samples were weighed many times over a period of 32 h and tested for pellet. Each
formulation was repeated three times. The moisture content was then calculated based on
the changes in the sample weights.

Infrared spectra of the raw materials and samples were collected using an FT-IR
spectrometer (Nicolet iS20, Thermo Scientific, Waltham, MA, USA). The materials were
scanned in the range of 4000–400 cm−1 with a resolution of 4 cm−1 in transmission mode
and 16 scan per spectrum. Thermogravimetric (TG) and differential thermogravimetric
(DTG) analyses were performed on the raw materials and samples using a TG-209-F3
Tarsus thermal analyzer (NETZSCH, Selb, Germany). Approximately 15–20 mg of samples
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were heated from ambient temperature to 800 ◦C at a constant heating rate of 10 ◦C/min
under an oxygen atmosphere with a 50 mL/min flow rate.

3. Results and Discussion

3.1. Analysis of Raw Materials
3.1.1. Particle Size and Density Distribution

The particle size and bulk density of raw materials have important impacts on the
physical stability of the densified pellet [33]. As shown in Figure 1a, the relative contents
of JB particles with different particle sizes were prevalent in all four intervals after full
grinding, and the bulk density increased significantly with decreasing particle size. For the
ease of densification, all materials, including the JBC and the additives, were pre-screened
to unify the particles size. After the pre-screening, it was found that most of the materials
reached the particle size of less than 80 mesh (≤0.18 mm). Specifically, 98.00 wt% for both
the JBC and BM and 79.69 wt% for CC falls in the particle range size of less than 80 mesh,
which is shown in Figure 1b. The bulk density of the JBC and BM within the 80 mesh was
observed to be 1.17 and 2.29 times compared to that of the JB, while the bulk density of CC
was only 32.71% of JB, respectively. This reveals the necessity to fully consider the effect
of the JB with different particle sizes on the pellet performance during the densification
process. The concentrated particle size distribution of the remaining raw materials can help
simplify the formulation process.

 
(a) (b) 

Figure 1. Particle size distributions and bulk densities of raw materials: (a) Data on JB; (b) Data on
JBC, CC, and BM. JB: The pruned jujube tree branches; JBC: The charcoal of the pruned jujube tree
branches; CC: Coco coir; BM: Bone meal.

3.1.2. Functional Groups

Figure 2 shows the FT-IR spectra of the raw materials. The hydroxyl-OH stretching
vibration was observed around 3400 cm−1 [34], and the peak on the spectrum of JBC was
significantly lower than that of the JB. This is attributed to the breakage of the hydrogen-
bonded hydroxyl group following the carbonization of the JB, resulting in the detachment
of bound water. Aliphatic C-H stretching vibrations [35] were observed around 2920 cm−1.
The peak at 1035 cm−1 corresponds to C-O-C stretching vibrations, where the characteristic
JBC peak weakened due to the dehydrogenation and deoxygenation of the JB during the
carbonization process [36]. The out-of-plane aromatic C-H bending vibration of the JBC
was clear within the region 987–781 cm−1, indicating an intensification in the dehydrogena-
tion reaction during the carbonization process and an enhancement in the aromatization
structure [37]. The bending vibration of aliphatic C-H around 1383 cm−1 indicated the

374



Energies 2022, 15, 113

formation of intermediate decomposition products and the polymerization of cellulose
and lignin contained in the JBC [38]. The carbonyl functional groups C=O of esters were
observed around 1739 cm−1, and the stretching vibrations of aromatic rings in the lignin
were present around 1509 cm−1 [39]. These peaks were absent in the JBC due to carboniza-
tion and decomposition. The 897 cm−1 and 781 cm−1 peaks of the JB and JBC, respectively,
indicate a gradual shift of C-H in the aromatic ring structure to a lower wave number,
resulting in the breakage of the lignin aromatic ring structure and the generation of more
free radicals [40]. This is an overlap of the -OH stretching vibrations of surface-free water
and calcium hydroxy-phosphate. Additional peaks were observed at 1442 and 870 cm−1,
1030 cm−1, and 694 and 536 cm−1, corresponding to CO3

2−, the stretching vibrations of
PO4

3−, and the bending vibrations of P-O, respectively.

Figure 2. FT-IR spectra of the raw materials. JB: The pruned jujube tree branches; JBC: The charcoal
of the pruned jujube tree branches; CC: Coco coir; BM: Bone meal.

3.1.3. Thermogravimetric Analysis

Figure 3 presents the combustion characteristics of raw materials investigated via
thermogravimetric analysis. The TG curves of the JB and CC were essentially similar, indi-
cating the similar combustion processes between the two, with the main difference being
that the residue of the final non-combustible substances of the CC was about 2.00 times
that of the JB (Figure 3a). The major mass loss temperature zone of JBC was significantly
delayed compared to that of the JB, which indicated that the combustion of the JBC mainly
occurred at higher combustion temperature. This is because the volatile component in the
JBC was relatively low after the carbonization. The TG curve of the BM was significantly
different to the other three biomass types in that there was no water evaporation phase, and
slow changes were observed in the volatile component release and combustion phase. The
residue from BM generally did not contain fixed carbon, with a residual mass of 84.05 wt%,
the main components being calcium phosphate and calcium carbonate that had not reached
their melting points. This is essentially consistent with the ash content of BM in Table 1
(81.90 ± 0.23 wt%).

Figure 3b depicts the DTG curves of the raw materials. By combining the TG curves
with the ignition temperatures, burnout temperatures and burning times were calcu-
lated [41]. The ignition temperatures of the JB and JBC were determined as 271.6 ◦C and
379.3 ◦C, respectively, with the 100 ◦C difference indicating that JBC was more difficult
to ignite due to the absence of volatile components. The ignition temperatures of CC and
BM were 259.6 ◦C and 652.7 ◦C, respectively. The JB and CC exhibited two characteristic
peaks, representing the volatile component release and combustion phase and fixed carbon
combustion phase, respectively [42]. Unlike the CC, the volatile component release and
combustion phase of the JB were highly reactive, while the fixed carbon combustion phase
was moderate. This was consistent with the results of the proximate analysis. The JBC,
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which lacked volatile components due to carbonization, exhibited a single relatively smooth
characteristic peak, indicating that the combustion process of the JBC was both gentle and
highly persistent.

 
(a) (b) 

Figure 3. Thermogravimetric analysis of raw materials: (a) TG curve; (b) DTG curve. JB: The pruned
jujube tree branches; JBC: The charcoal of the pruned jujube tree branches; CC: Coco coir; BM:
Bone meal.

3.2. Optimization of Formula Parameters
3.2.1. Parameter Range Screening
Optimization of JBC Contents

The drop resistance and pellet density of samples were found to be negatively corre-
lated with the JBC content (Figure 4). Specifically, as the JBC content increased, the drop
resistance and pellet density of the samples decreased. When the JBC content was 20 wt%,
the samples were in a critical state. Namely, the drop resistance was 98.14%, meeting the
physical stability requirement. This corresponded to a pellet density of 994 kg/m3, which
was slightly lower than the standard of the Ministry of Agriculture of China (NY/T 1878-
2010). As the JBC content increased, the standard deviation of the drop resistance and pellet
density also expanded, and the storage and transportation performance of the samples
gradually deteriorated. When the JBC content increased to 40 wt%, the drop resistance of
the samples reduced significantly to 77.55 ± 10.18%. The difficulty of densifying between
the JB particles was reduced by the lubricating effect of the moisture. In addition, the
densifying was stabilized by the gradual increase in the lignocellulose surface viscosity via
warming and softening under high pressure, followed by cooling to form a solid bridge [43].
The addition and mixing of smaller-sized JBC particles resulted in the brittleness and hy-
drophobicity of the JBC particles and the lack of viscosity after pyrolysis, preventing water
flow and the mutual contact between JB particles with increasing JBC content. Thus, the
particles could not adhere together to form sufficient solid bridges, resulting in the inability
to form stable pellet. This was clear when the JBC content increased to 40 wt%, and the drop
resistance of the samples was no longer able to meet the commercialization requirements
(77.55 ± 10.18%).

376



Energies 2022, 15, 113

Figure 4. Effects of different JBC contents on the storage and transportation characteristics of the
pellets. JBC: The charcoal of the pruned jujube tree branches.

Optimization of JB Particle Sizes

At the JBC content of 20 wt%, the drop resistance and pellet density of the samples
varied with the JB particle size (Figure 5). The drop resistance and pellet density values
peaked at the JB particle size of 30 mesh. The drop resistance of the JB particle sizes in the
first two groups all exceeded 98%, while the pellet density was observed to be approxi-
mately 99.4% of the required standard value, meeting the physical stability requirements.
During the densifying process, the JB particles were stacked on top of each other, and
the surfaces were in full contact. For larger particle sizes, the drop resistance of the JB
particles decreased. The possible reasons for this are twofold. First, the surfaces of larger
JB particles were not in full contact with each other, with a greater number of voids in the
center. This affected the flow of water and the formation of solid bridges. Second, owing to
the elongated structure of lignocellulose, the larger the JB particle size, the higher the elastic
modulus, and the greater the power consumption required to resist the internal elastic
potential energy under the same compression parameters. Consequently, this complicated
the densifying processes. When the JB particle size was 80 mesh, the drop resistance of the
pellet was slightly lower than that of the pellet produced with the 30-mesh size JB particle.
Despite the lower elastic potential energy of the 80-mesh size JB particles, the overlap of
its substrate frame was affected by JBC particles of the same particle size, and rather than
the JBC particles filling the frame gaps, they replaced the 80-mesh size JB particles as the
framework. The JBC particles lacked the binding characteristics of the JB particles, thus
reducing the overall strength of the pellet.

Effect of Additives

Figure 6 depicts the performance of the drop resistance and pellet density of the
samples in different additive and control groups, with an 80 mesh JB particle size, 20 wt%
JBC content, and 10 wt% additive content. The addition of UW, BM, and CC all increased
the drop resistance of the pellet samples, with their effectiveness, from lowest to highest,
in the order of UW (98.38%) < BM (99.22%) < CC (99.69%). The slight increase in strength
via the addition of UW is related to the improved lubrication between the particles during
densification following the external moisture replenishment, which reduced the energy
consumption and resulted in tighter densifying. In the functional group analysis, the BM
was observed to contain a low content of hydroxyl groups. Therefore, the BM exhibited a
good hydrophilicity and facilitated the flow of internal water for lubrication and enhancing
densification. Despite the similar particle sizes between the CC and JB, its longitudinal
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dimension was relatively longer. This improved the overall strength of the pellet by
linking the polymeric agglomerates of particles that were close to each other but had
insufficient surface contact when the blended particles were stacked on top of each other.
A positive correlation was observed between the effect of the CC and BM on the pellet
density (1020 kg/m3 and 1070 kg/m3), while UW was found to negatively impact the pellet
density (900 kg/m3). This negative correlation is attributed to the excessively large 10 wt%
ratio. The excess water was squeezed out from the mold gap during the densifying process,
resulting in an overall loss of mass. The highest density of pellet with BM additives was
attributed to the bone meal density (1000 kg/m3). Although the density of pellet with CC
additives was lower; it increased the densifying strength and reduced the JBC loss.

Figure 5. Effects of different JB particle sizes on the storage and transportation characteristics of the
pellets. JB: The pruned jujube tree branches.

Figure 6. Effects of different additives on the storage and transportation characteristics of the pellets.
CC: Coco coir; BM: Bone meal; UW: Ultra-pure water; CG: Control group.

3.2.2. Pellet Formulation Optimization
Experimental Results

Orthogonal tests were employed for the parameter optimization based on 27 samples
(each sample was repeated three times) using four-factor, three-level interaction tests
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(Figure 7). A total of 18 groups exhibited drop resistance values greater than or equal to
98%, and 7 groups with particle densities greater than or equal to 1000 kg/m3. The results
reveal the great influence of the different JBC contents, JB mesh numbers, additive types,
and dosage combinations on the physical stability of pellets. In order to further analyze the
relationships between these variables, variance and range analyses were performed. The
drop resistance, which represents physical stability, was the primary control index of this
study, and thus the focus of the analysis. Based on ensuring the drop resistance, the pellet
formulation was optimized using the drop resistance and the pellet density.

(a) 

(b) 

Figure 7. Results of the formulation optimization: (a) Pellet drop resistance; (b) Pellet density.

Variance Analysis

IBM SPSS Statistics 22 software was used to analyze the variance of the test results.
Table 3 reports the variance analysis results of the drop resistance. The influences of each
factor and their interactions on the drop resistance of samples were: A > AC > C > AD > BD
> BC > CD > AB > B > D, and all were highly significant (p < 0.01). The JBC content (A) was
the most important factor affecting the drop resistance of samples. During densification,
the moisture and volatiles, as natural binders between particles, play a very important
role [44,45]. The JBC particles, lacking moisture and volatiles, adhered to the JB and solid
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additive particles. This hindered the flow and lubrication of the water, as well as the
softening and bonding with other particles. Hence, the higher the JBC content (A), the more
clear the damage to the drop strength of the samples. The drop resistance of the samples
was significantly improved by adding the appropriate additives (C) and controlling their
content (D). The interaction between the JBC content and additive type and dosage (AC
and AD) was also clear. The effect of the JB particle size (B) was not significant, neither was
that of the additives (C and D) and the interaction between them (BC and BD), which also
indicated the importance of the additives (C and D) in blending the densified pellet. This
does not indicate that the JB particle size (B) was less influential, rather that it played a
positive role in the underlying framework structure.

Table 3. Variance analysis results for the parameter optimization test.

Source
Sum of

Squares III
DF

Mean
Square

F P

Modified model 3478.553 a 26 133.790 9.359 0.00000
Intercept 759194.670 1 759194.670 53105.501 0.00000
A: JBC b content (wt%) 437.407 2 218.704 15.298 0.00001
B: JB particle size (mm) 2.000 2 85.588 5.987 0.00448
C: Additive type 296.903 2 148.451 10.384 0.00015
D: Additive content (wt%) 163.104 2 81.552 5.705 0.00565
AB 208.997 2 104.498 7.310 0.00155
AC 344.141 2 172.070 12.036 0.00005
AD 245.629 2 122.814 8.591 0.00058
BC 221.672 2 110.836 7.753 0.00110
BD 222.472 2 111.236 7.781 0.00107
CD 212.987 2 106.493 7.449 0.00139
Error 771.982 54 14.296
Total 763445.205 81
Adjusted sum 4250.535 80

a R2 = 0.818 (Adjusted R2 = 0.731); b JB: the pruned jujube tree branches; JBC: The charcoal of the pruned jujube
tree branches.

Range Analysis

Figure 8 depicts the results of the range analysis of the parameter optimization test,
where the ordinate represents the drop resistance of the sample; letters A, B, C, and
D correspond to the four factors in the test, respectively; and the numbers 1, 2, and 3
after the letters are the levels of the corresponding factors, respectively. The optimization
aimed to further improve combustion performance by increasing the JBC content while
maintaining the storage and transportation performance. Combining the results of the
variance analysis, two formulations were obtained: (a) A2C1D2B1: JBC content 30 wt%,
JB particle size 80 mesh, and CC additive content 7 wt%; and (b) A2C2D3B2: JBC content
30 wt%, JB particle size 30 mesh, BM additive content 4 wt%. The drop resistance values of
the formulations were 98.85% and 98.71%, respectively.

Optimized Formula Parameters

The formula parameters obtained by the variance and range analyses, which are based
on the set parameters of the test group, do not reflect the maximum JBC content limit
that can be achieved under these conditions. In order to further improve the combustion
performance of pellet, the target drop resistance was set as ≥98%, and the JBC content was
increased to the upper limit without changing the determined JB particle size, additive type,
and content. A single-factor test was conducted with the initial value of JBC content set at
25 wt% and the addition of 2 wt% increments. The optimized parameters were as follows:
(a) JB particle size—80 mesh, CC content—7 wt%, and maximum JBC content—37 wt%; and
(b) JB particle size—30 mesh, BM content—4 wt%, and maximum JBC content—31 wt%.
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 8. Range analysis results of the parameter optimization: (a) JBC content (A) and JB particle
size (B); (b) JBC content (A) and additive type (C); (c) JBC content (A) and additive content (D); (d) JB
particle size (B) and additive type (C); (e) JB particle size (B) and additive content (D); (f) Additive
type (C) and additive content (D).
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3.2.3. Pellet Formulation Comparison
Test Results on Pellet Drop Resistance, Pellet Density, and Energy Density

The pellet samples prepared with two optimized formula parameters were compared
with their related samples. Table 2 reports the specific sample numbers and formula param-
eters, while Figure 9 presents the experimental results of the drop resistance, pellet density,
and energy density. As revealed in the analysis presented in Section 3.2.1 (Optimization of
JBC Contents), the increased JBC content reduced the drop resistance and pellet density
of the pellet samples. However, with the use of additives, the drop resistance of the pellet
samples containing JBC was restored to more than 98%. Furthermore, for the sample with
a JB particle size of 80 mesh, the density was 965 kg/m3, which slightly differed from the
recommended standard of the Ministry of Agriculture of China (NY/T 1878-2010), while
that of the 30-mesh samples was exactly 1000 kg/m3. The pellet density of the optimized
formula parameter samples decreased by 16.16% and 10.28%, respectively, compared to the
sample prepared from pure JB. However, in terms of fuel performance, the energy density
of the optimized formula parameter samples increased by 53.64% and 53.47%, respectively,
compared to the pure JB samples. The overall fuel quality of the samples thus improved
significantly, indicating the effectiveness of the biomass carbon and additive applications.

Figure 9. Test results on the drop resistances of the pellets. The samples are named in the form of JB +
number 1 + (number 2) + C + number 3 + additive type. For example, JB56(80)-C37-CC means that
the sample consists of 80 mesh JB with a mass fraction of 56 wt%, and JBC with a mass fraction of
37 wt%, with CC as the additive.

Hydrophobicity Analysis

Hydrophobicity is an important indicator due to the critical influence of the moisture
on the physical stability, energy density, and combustion process of pellet [24]. The hy-
groscopicity of the prepared pellet should be as low as possible during the storage and
transportation processes.

Figure 10 reports the moisture uptake curves of samples with two optimized formula
parameters and the corresponding samples. Following approximately 2 h, the moisture
uptake of each sample began to change significantly; after about 25 h, the moisture uptake
of the samples leveled off and gradually stabilized. The European Granular Council
standard [46] indicates that the moisture content of the samples should be less than 10 wt%,
which was met by all samples in the test.
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Figure 10. Moisture absorption test results of the different pellet samples. The samples are named
in the form of JB + number 1 + (number 2) + C + number 3 + additive type. For example, JB56(80)-
C37-CC means that the sample consists of 80 mesh JB with a mass fraction of 56 wt%, and JBC with a
mass fraction of 37 wt%, with CC as the additive.

The maximum moisture uptake values of JB100 (80) and JB100 (30), which were
densified from pure JB particles of varying meshes, were highly similar, at 5.23 ± 0.03 wt%
and 5.25 ± 0.06 wt%, respectively. When 37 wt% and 31 wt% JBC were added, the maximum
moisture uptake of JB63(80)-C37 decreased from 5.23 ± 0.03 wt% to 4.37 ± 0.05 wt%, and
that of JB69(30)-C31 from 5.25 ± 0.06 wt% to 4.75 ± 0.05 wt%. When CC (7 wt%) and BM
(4 wt%) were added, the maximum moisture uptake of JB56(80)-C37-CC increased from
4.75 ± 0.05 wt% to 4.81 ± 0.10 wt%, whereas the maximum moisture uptake of JB65(30)-
C37-BM decreased from 4.75 ± 0.05 wt% to 4.48 ± 0.13 wt%.

As described in Section 3.2.2 (Variance Analysis), the added JBC may have wrapped
the JB particles, thus hindering the flow of water and the formation of solid bridges.
Moreover, the JBC particles are more hydrophobic compared to JB particles; therefore,
the added JBC particle may block the water from entering the pellet. This consequently
increased the hydrophobicity of the sample. The role of CC was to partially replace the
JBC particles on the sample surface, and the CC properties were similar to those of the
JB particles, thus slightly increasing the water absorption. The BM also partially replaced
the JBC particles on the sample surface. However, its main components were calcium
carbonate and calcium phosphate, which are insoluble or slightly soluble in water, further
increasing the hydrophobicity of the sample. Although the BM blocked the flow of water, it
was difficult to form a solid bridge between the particles [47]. However, due to the filling
effects of the BM particles into the void space, it helped to promote the contact of different
particles, and further improved the formation of inter-particle bonds in the contact area,
thus enhancing the binding [48].

FT-IR Analysis

The composition of functional groups plays an important role in pellet hydrophobicity.
Figure 11 presents the FT-IR spectra of two optimized formula parameters with the cor-
responding samples. The peaks at 2921–2918 cm−1 are linked to the stretching vibration
of aliphatic C-H; the peaks at 1435–1425 cm−1 are characteristic absorption peaks of the
C=C in benzene ring; the peaks at 1382–1375 cm−1 correspond to the bending vibration
of aliphatic C-H, and the peaks at 1055–1034 cm−1 correspond to the C-O bond stretching
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vibrations [49]. These are all hydrophobic functional groups, which could reduce the
moisture absorption rate of the pellet during storage and transportation.

Figure 11. FT-IR spectra of the pellet samples. The samples are named in the form of JB + number 1 +
(number 2) + C + number 3 + additive type. For example, JB56(80)-C37-CC means that the sample
consists of 80 mesh JB with a mass fraction of 56 wt%, and JBC with a mass fraction of 37 wt%, with
CC as the additive.

Thermogravimetric Analysis

In order to study the effects of carbon content and additives on the combustion
characteristics of pellets, a thermogravimetric analysis was performed on the pellets before
and after optimization. Figure 12 demonstrates the TG and DTG curves of the two samples
with optimized formula parameters and their related samples, where JB56(80)-C37-CC
corresponds to JB100(80) and JB63(80)-C37, and JB65(30)-C31-BM corresponds to JB100(30)
and JB69(30)-C31.

 
(a) (b) 

Figure 12. Thermogravimetric analysis of the pellet samples: (a) TG curve; (b) DTG curve. The
samples are named in the form of JB + number 1 + (number 2) + C + number 3 + additive type. For
example, JB56(80)-C37-CC means that the sample consists of 80 mesh JB with a mass fraction of
56 wt%, and JBC with a mass fraction of 37 wt%, with CC as the additive.
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The curves of six pellets were quite similar, indicating that the addition of the JBC and
additives did not significantly affect the overall combustion process of pellets (Figure 12a).
Notably, the BM significantly increased the residual content following combustion, and
the difference between JB100(30) and JB65(30)-C31-BM reached 8.01 wt%, which was more
likely to cause slagging in the furnace.

Figure 12b depicts the DTG curves of the six pellets. Combining the data in both TG
and DTG curves, the ignition temperature, burnout temperature, and combustion time were
calculated. Although the ignition temperature of the JBC was approximately 100 ◦C higher
than that of the JB, its impact on the ignition temperature after blending and densifying
with the JB was limited compared with JB100(80) and JB63(80)-C37, as well as JB100(30)
and JB69(30)-C31, which increased by 3.9 ◦C and 5.9 ◦C, respectively. Furthermore, the
combustion temperature, compared with JB100(80) and JB63(80)-C37, as well as JB100(30)
and JB69(30)-C31, increased by 29.4 ◦C and 8.1 ◦C, and the combustion time increased by
11.41% and 2.35%, respectively. This indicates the improvement of the pellet combustion
performance via the JBC blending, releasing more energy. The adoption of the CC reduced
the combustion temperature by 1.1 ◦C and increased the time by 0.86% compared JB63(80)-
C37 between JB56(80)-C37-CC, which had no effect on the combustion characteristics of
the pellet. Furthermore, when BM was used as an additive, the combustion temperature
and combustion time increased by 32.7 ◦C and 14.11% compared JB69(30)-C31 between
JB65(30)-C31-BP. This may result in combustion residue with the bone meal as an additive
for the case of insufficient combustion.

3.3. Cost Evaluation

The two optimized pellet formulations obtained in this study greatly improved the
combustion performance of the biomass densified pellet while simultaneously ensuring its
storage and transportation requirements. The applicability of the fuel to actual industrial
production was dependent on its cost-effectiveness. However, due to the lack of necessary
industrial data, it was not possible to obtain the actual production costs of the biomass-
densified pellets used in this study. In order to estimate the application value of pellets, the
cost-effectiveness of the pellets for laboratory preparation was calculated.

The raw biomass is typically densified into pellets following three processes: raw
material collection, raw material pre-treatment, and pellet production by densification.
Hence, the costs were divided into raw material treatment costs and pellet densification
costs. For the processing cost of raw materials, the purchase data were based on the actual
purchase price of the biomass raw materials, namely, the retail market price. The process
parameters and production equipment were the same for all raw material pre-treatment
processes. However, the yield of the final usable raw material particles differed across
biomass types following sufficient grinding. Thus, the relative content of different particle
sizes was different (Figure 1). This resulted in different processing costs for different
raw materials. The same process parameters and production equipment were used for
the preparation of pellets in the pellet densification process. However, the percentage of
different raw materials differed among the different formula parameters. Thus, the costs
of the raw materials and pre-treatment were distinct. Moreover, the energy density of the
densified pellet differed across formula parameters, indicating the variation in the value of
different densified pellets.

The cost effectiveness (relative unit cost) between different types of biomass-densified
pellets was investigated. To facilitate the analysis, the raw biomass material processing cost
was calculated based on the cost of JB particles with a size of 30 mesh (JB(30)) at the base
value of 1.00, while the cost of biomass-densified pellet was calculated using JB100(30) as
the base (set to 1.00). The calculation formulas are listed as follows:

RMCoRmt =
PP
PS

PY (Yuan/g), (1)

RUCoRmt = RMCoRmt/BCoRmt, (2)
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RUCoPc = ∑(RUCoRmt × RMCt), (3)

RUEDP f = EDP f /BED, (4)

RUECoP f = RUCoPc × RUEDP f . (5)

In Formulas (1)–(5), RMCoRmt represents the raw material treatment cost; PP represents
the raw material market purchase; PS represents the raw material purchasing specifications;
PY represents the raw material process yield; RUCoRmt represents the relative unit cost
of the raw material treatment; BCoRmt represents the baseline cost of the raw material
treatment; RUCoPc represents the relative unit cost of the pellet densifying process; RMCt
represents the raw material content; RUEDPf represents the relative unit energy density
of the pellet; EDPf represents the energy density of the pellet; BED represents the baseline
energy density; and RUECoPf represents the relative unit energy cost of the pellet.

Table 4 reports the relative unit cost of the raw material processing. Despite the low
price when using the JB as the main raw material, its relative unit cost was the highest
among raw materials as it was more difficult to crush in the pre-treatment stage and
required a small particle size. In contrast, taking the JBC as the secondary raw material and
CC and BM as additives resulted in lower relative unit costs due to the ease of crushing
and the required high particle size.

Table 4. Relative unit costs of raw material processing.

Raw
Materials

Purchase
Price

(yuan)

Purchase
Specifications

(g)

Unit
Price

(Yuan/g)

Relative
Content

(%)

Raw
Materials
Relative

Unit Cost

JB(30) a 3.00 500 0.006 24.59 1.000
JB(80) 3.00 500 0.006 19.82 1.241
JBC 32.04 2500 0.013 98.69 0.532
CC 11.39 2800 0.004 79.69 0.209
BM 10.32 1000 0.010 98.90 0.428

a JB(30): 30 mesh pruned jujube tree branches; JB(80): 80 mesh pruned jujube tree branches; JBC: The charcoal of
the pruned jujube tree branches; CC: Coco coir; BM: Bone meal.

Table 5 details the relative cost per unit energy of different pellets. The addition of
the JBC and additives reduced the cost of the pellet formation, while increasing the energy
density of the fuel. The relative cost per unit energy of the pellet, with the 80 mesh JB
particles (JB(80)) as the primary raw material, was reduced by 52.50% with the addition of
the JBC and CC; the equivalent reduction with 30 mesh JB particles (JB(30)) as the principle
raw material and JBC and BM as the additives was 46.00%.

Table 5. Relative cost per unit energy of different pellets.

Sample
Content Relative

Unit
Cost

Relative
Unit

Energy
Density

Relative
Cost
per

Unit EnergyJB(30) JB(80) JBC CC BP

JB100(80) a 0.00 1.00 0.00 0.00 0.00 1.24 1.03 1.20
JB63(80)-C37 0.00 0.63 0.37 0.00 0.00 0.98 1.61 0.61

JB56(80)-C37-CC 0.00 0.56 0.37 0.07 0.00 0.91 1.58 0.57
JB100(30) 1.00 0.00 0.00 0.00 0.00 1.00 1.00 1.00

JB69(30)-C31 0.69 0.00 0.31 0.00 0.00 0.85 1.54 0.55
JB65(30)-C31-BM 0.65 0.00 0.31 0.00 0.04 0.83 1.53 0.54

a The samples are named in the form of JB + number 1 + (number 2) + C + number 3 + additive type. For example,
JB56(80)-C37-CC means that the sample consists of 80 mesh JB with a mass fraction of 56 wt%, and JBC with a
mass fraction of 37 wt%, with CC as the additive.
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The results reveal the improved performance of the formulated pellets compared to
the raw biomass densified pellets in terms of the storage and transportation characteristics
and combustion heat, as well as the lower production costs.

However, we would like to mention that the cost estimation presented here is based on
the data from this bench-scale study. For further industrialization, more rigorous analyses
using data from a large quantity of practical cases should be carried out.

4. Conclusions

Biomass-based pellet is an important contributor to the development of alternative
fuels, and plays an indispensable role in the promotion of renewable energy. In this study,
the formulation of jujube tree (JB)-based pellet using pruned branches was optimized to
improve the overall quality. The main conclusions are as follows:

(1) The optimized formulation of JB, JBC, CC or BM in proportion can effectively improve
the combustion performance and simultaneously provide the storage and transporta-
tion performance.

(2) Cost estimation showed that the two optimized formulations have significant advan-
tages in terms of relative cost per unit energy compared to pellets made from JB alone;
therefore, they have potential for commercial applications.

(3) The results revealed that, in the co-densified pellet, the primary raw materials mainly
contributed to forming the pellet framework, the secondary raw materials mainly
contributed to improving the fuel characteristics, and the additives mainly contributed
to enhancing the storage and transportation performance. All these components were
found to be critical for complementarily forming the high-quality pellet.

The limitations of this study are: (1) Only the formula parameters were optimized, but
the effect of process parameters on pellet quality was not studied; (2) Due to the lack of
relevant data, it was impossible to accurately calculate the real cost of pellets. Therefore, it
is recommended that future research considers the following two aspects: (1) Considering
the influence of process parameters such as pressure, temperature and mold size on pellet
quality, in order to further optimize the formula parameters and process parameters; (2) The
life cycle assessment method is adopted to analyze the optimization results in order to
provide more effective data support for the industrial production of pellet.
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Abstract: The article presents the research results of anaerobic digestion processes in bioreactors of
composite mixtures based on initial and residual biomass of Lemna minor duckweed and additives:
inoculum (manure), food waste, and spent sorbents to determine biogas potential (biogas volume,
methane content). Duckweed Lemna minor, which is widespread in freshwater reservoirs, is one of
the promising aquatic vegetation species for energy use. Residual biomass is obtained by chemically
extracting valuable components from the primary product. The purpose of the research was to
evaluate the possibility of the energy potential of residual biomass of Lemna minor to reduce
the consumption of fossil fuels and reduce greenhouse gas emissions. This is in line with the
International Energy Agency (IEA) scenarios for the reduction of environmental impact. The obtained
results confirm the feasibility of using this type of waste for biogas/biomethane production. The
recommendations on the optimal composition of the mixture based on the residual biomass of Lemna
minor, which will allow for an increase in biogas production, are given. The obtained data can be
used in the design of bioreactors.

Keywords: biogas potential; methane content; composite mixture; bioreactors; common duckweed;
residual biomass; organic waste; circular economy

1. Introduction

The technology of anaerobic decomposition of wet biomass with the production of
biogas, consisting of 55–60% methane, has been widely used to reduce the consumption
of fossil organic fuels and greenhouse gas emissions in many countries around the world
(including Russia) [1]. Among the potential energy forms to be derived from biowastes,
biogas is of great interest [2]. The processing of biogas into biomethane has become a
subject of increased technical interest, as biomethane is expected to be introduced into the
national gas grid or used as a vehicle fuel. Moreover, the use of biogas derived from organic
matter can support the energy transition [3]. The production and usage of biomethane can
provide new opportunities for efficient Circular Economy, but the delay in this could cause
significant economic losses [2].

Recently, the use of various aquatic plant organisms as an available raw material
for biogas/biofuel production has been recognized as promising [4]. The processing
of duckweed has been included in the list of promising pathways for biogas/biofuel
production. This property is attributed to its simple harvesting method and high protein or
starch content, depending on its species and growing environment [5]. One of the promising
species for energy use is duckweed (Lemna minor), the most common representative of
higher aquatic plants in freshwater bodies [6,7]. This plant has unique properties: short
life cycle, high biological productivity and growth rate (biomass doubles within 2–3 days),
wide spreading in various climatic zones of the globe, and undemanding to the quality
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of the water environment (used for wastewater treatment) [8,9]. In natural water bodies,
the productivity of the duckweed is 0.7–1.0 kg of biomass from 1 m2 of surface. Growing
duckweed in artificial conditions is not difficult [10,11].

The biochemical composition of duckweed in terms of the amount of nutrients is not
inferior to cereals. The biomass of the duckweed contains about 25.8% protein (twice as
much as in cereals), 4.7% fat, and 24.6% fiber (11 times more than cereals). The biomass
of the duckweed contains starch, organic nitrogen in the form of protein, and free amino
acids, which are useful for biogas production [12,13]. Biomass is used to produce food,
medicines, fodder, bioenergy, etc. Lemna minor can be considered as a universal aquatic
plant [7,10,14–16]. The widespread use of duckweed will contribute to the challenge
of meeting the growing biomass requirements of modern society and will protect the
environment by removing excess nutrients and heavy metals from surface water and
wastewater [4,17]. These unique characteristics of duckweed make it a technical and
medicinal raw material for the extraction of valuable components, such as proteins, lipids,
pectins, etc. [18,19].

Publications on the energy potential of duckweed biomass mainly focus on bioethanol
production [20–23]. Relatively few research papers concern the possibility of using duck-
weed for biogas production [24–26]. It should be noted that these reports deal with the
initial biomass of Lemna minor, which is not always economically efficient.

The aim of this research is a comparative analysis of the biogas potential of the initial
and residual biomass of Lemna minor duckweed, as well as composite mixtures based on
residual biomass and additives: inoculum, food waste, and waste sorbents.

2. Materials and Methods

2.1. Laboratory Research

The initial biomass of the duckweed was collected from the water body in the
Leningrad Region in the north-west of the Russian Federation [27]. Residual duckweed
biomass is formed after the extraction of pectin substances by hydrolysis. This process
takes place in a citric acid solution at pH 1–2 and at 90 ◦C for 2 h. Then, the plant material
is separated from the solution, and the residual biomass is used as a component of the
composite mixture for fermentation.

The sorbents are made from carbonized residual biomass of duckweed, with the addi-
tion of a chitosan solution as a binder to produce sorbent granules. Granular sorbents were
used for the extraction of cadmium, zinc, and copper ions from model solutions [28]. The
use of waste sorbents as fermentation additives can solve the problem of their utilization.
Fresh cow manure with a moisture content of 82% and an organic carbon content of 92%
was used as an inoculum.

The laboratory experiment to assess the biogas potential of prototypes of organic
substrates allows a relatively accessible method, with the required accuracy to simulate
the processes of biodegradation, considering the influence of various factors (physical,
chemical, biological, etc.) [29–31].

2.2. Conducting the Experiment

The program of laboratory experiments included the preparation of composite mix-
tures based on the initial and residual biomass of the duckweed for addition to bioreactors:

• Initial duckweed biomass + inoculum
• Residual duckweed biomass + inoculum
• Residual duckweed biomass + inoculum + food waste
• Residual duckweed biomass + inoculum + food waste + waste sorbent
• Inoculum + waste sorbent
• Inoculum (control sample).

Additives from food waste and waste sorbents were used to assess the impact on
anaerobic digestion intensity and biogas production.
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For each component of the composite mixture, before loading into the bioreactors,
the mass fraction of moisture was determined by the drying method, and the content of
organic carbon was determined by the calcination method (Table 1). The moisture content
of the samples was determined using an Ohaus MB35 moisture analyzer. The temperature
of the drying process was maintained at 105 ◦C. Drying was carried out automatically to a
constant value of the sample mass. Then, the content of organic carbon in the samples was
determined by weighing before and after calcining in a PT200 muffle oven. Calcination
was carried out at 550 ◦C for 120 min [32]. The data obtained were used to calculate the
mass ratios of the components of composite mixtures based on duckweed.

Table 1. Parameters of composite mixtures components.

Component
Organic Carbon, %

of Total Carbon
Moisture, %

Initial biomass of Lemna minor duckweed 98.0 16.20
Residual biomass of Lemna minor duckweed 93.0 6.44

Food waste 93.0 70.28
Inoculum (Fresh cow manure) 88.3 82.75

Waste sorbent 87.7 7.26

Eight bioreactors were prepared for the experiment. Data on the loading of bioreactors
in terms of organic carbon in grams are presented in Table 2.

Table 2. Contents of composite mixture components (in terms of organic carbon in grams).

Component Bioreactor No.
1 2 3 4 5 6 7 8

Initial biomass of Lemna minor duckweed 4
Residual biomass of Lemna minor duckweed 4 4 2 4 2

Food waste 4 2 4 2
Waste sorbent 2 4 4

Inoculum (Fresh cow manure) 4 4 4 2 4 4 4 4
Total 8 8 12 6 14 12 4 8

2.3. Laboratory Setup

To assesses the biogas potential of composite mixtures based on the initial and residual
duckweed biomass, a laboratory setup was created. Bioreactors with a volume of 1 L
were placed in a thermobox with a constant temperature. The laboratory setup included
a discrete mode of anaerobic digestion, in which the bioreactors were loaded with the
composite mixture only at the beginning of the process. The duration of the experiments
ranged from 35 to 50 days. The laboratory setup layout for testing laboratory samples of
the composite mixtures is shown in Figure 1.

Samples of composite mixtures were loaded into bioreactors (Table 2). Then, 600 mL
of filtered water was added to these containers. The bioreactors were blown with inert
gas to create an anaerobic mode of organic substance decomposition. The bioreactors
were connected to Ritter MilliGascounters using gas lines to determine the volume and
intensity of biogas emission. The generated biogas was diverted into airtight gas bags with
a 3 L capacity. The bioreactors were placed in the thermostatic box, which automatically
maintained the constant temperature of 35 ◦C required for mesophilic fermentation. The
bioreactors were equipped with additional gas lines to enable the connection of a gas
analyzer for periodic monitoring of the biogas composition. The contents of the bioreactors
were mixed daily to prevent floating crust formation on the liquid surface. For remote
control of biodegradation processes and monitoring of the experiment in real time, an
information-analytical complex was created. This information-analytical complex consisted
of a personal computer connected to the control unit of gas meters by wires.
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Figure 1. Laboratory setup layout: 1—bioreactors, 2—Ritter MilliGascounters, 3—gas lines, 4—gas
bags, 5—thermostatic box, 6—wired connection to a personal computer, 7—control unit of the gas
meters, 8—personal computer.

In the bioreactors, a discrete mode of anaerobic digestion was carried out, in which
the loading of the bioreactors with the samples under study was carried out only once at
the beginning of the experiment. The experiment was carried out until the end of biogas
emission from the bioreactors.

2.4. Process Parameters Monitoring

The hydrogen pH value of the liquid phase was periodically controlled. In the case of
low pH value and stoppage of gas emission, a buffer solution of baking soda (10%) was
added to bioreactors to increase the pH value to 6.5–7.0.

During the experiment, a scheme for monitoring the component composition of the
biogas was used directly in the bioreactor (Figure 2) using the portable gas analyzer GA2000
Plus [32]. Measurements were taken at least once a week. This made it possible to carry
out the necessary measurements during the experiment without affecting the component
composition of the biogas.

Figure 2. The scheme of connecting and measuring the component composition of biogas with the
GA2000 Plus gas analyzer: 1—bioreactor; 2,3—three-way valves; 4—two-way valve; 5—gas meter;
6,7—gas bags; 8—gas analyzer.
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3. Results and Discussion

The biogas-specific emission at biodegradation of the initial and residual biomass of
Lemna minor duckweed is shown in Figure 3.

 

Figure 3. Biogas emissions from bioreactors.

The analysis of the presented graph shows that an intensive biogas yield in bioreactor
No. 1 (loaded the initial duckweed biomass 50% + the inoculum 50%) was observed from 7
to 35 days during the 50-day experiment; after that, the gas emission practically stopped.
The biogas emission on day 35 was 0.103 L/g of organic carbon.

The biogas emission from bioreactor No. 2 (loaded with the residual duckweed
biomass 50% + the inoculum 50%) during the same period was four times less, 0.025 L/g
of organic carbon, which could be explained by the presence of inhibitory impurities in
the sample. The process of intensive biogas production was observed from day 34 to 48 of
the experiment. On the 48th day of the experiment, the biogas emission was 0.093 L/g of
organic carbon.

There was almost no biogas emission from bioreactor No. 7, loaded only with the
inoculum, during the first 20 days. A slight increase in biogas emission was observed from
20 to 48 days. The biogas emission on the 48th day was 0.031 L/g of organic carbon.

The changes in methane concentration in the biogas during fermentation of the initial
and residual duckweed biomass are shown in Figure 4.

The analysis of the graphs shows that the stable stage of methanogenesis was observed
in bioreactor No. 1 on day 12, characterized by high methane concentration (35%), and
a carbon dioxide content of 20.1%. In the following period, the methane concentration
increased and reached its maximum on day 35 (45.2%).

The slow growth of methane concentration (from 0.7% to 12%) was observed in
bioreactor No. 2 during the first 35 days, with a carbon dioxide content of 15.5–16.9%. Then,
the growth rate increased, and by 48 days, the methane concentration reached 45%.

It should be noted that the biodegradation modes of the initial and residual duck-
weed biomass are very different. In case of the initial biomass, the experiment time was
30–35 days. In case of the residual biomass, the duration of the experiment was increased
(up to 50 days), as it took at least 30 days to start a stable biodegradation process.

The active stage of methanogenesis in fermentation of residual biomass started on day
34, when the intensity of the biogas emission and methane content increased.
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Figure 4. Methane concentration in bioreactors.

Figure 5 shows the specific emissions of biogas from bioreactors Nos. 2–6, loaded with
composite mixtures based on the residual biomass of the duckweed Lemna minor, and
from the control bioreactors Nos. 7–8 (Table 2).

 

Figure 5. The biogas-specific emissions from bioreactors.

Despite the percentage of residual biomass and additives, the biodegradation processes
during the first 35 days were slow. On the 48th day of the experiment, the highest specific
biogas yield was observed in bioreactor No. 4 (0.16 L/g of organic carbon), which had the
following composition mixture: residual duckweed biomass (33.3%), inoculum (33.3%),
food waste (33.3%); the total content of organic carbon was 6 g.

The methane concentration changes in bioreactors Nos. 2–8 are shown in Figure 6.
The highest methane concentration for 48 days was also observed in bioreactor No.

4 (49.8%). Therefore, the optimal composition of the compositional mixture, which pro-
vided the greatest biogas potential (0.16 L/g of organic carbon, 49.8% of methane) was
achieved by the following ratio: residual duckweed biomass (33.3%), inoculum (33.3%),
food waste (33.3%).
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Figure 6. Methane concentration in bioreactors.

Directions for future research include the search for methods to accelerate the begin-
ning of the period of intensive biogas emission during the decomposition of composite
mixtures based on the residual biomass of Lemna minor. This direction of research is
promising not only for the residual duckweed biomass, which is confirmed by the results
of studies, for example, as presented in [33] for corn stover waste biomass.

The most challenging task, of course, is the choice of bio-substrates for biogas pro-
duction. The use of residual biomass for energy purposes most fully complies with the
principles of efficient Circular Economy. In this context, it is essential to broaden and
deepen the analyses of bio-energy materials that could be used to help to achieve sustain-
ability objectives [34]. Thus, in the future, this work will be also expanded in terms of
research on the energy potential of other aquatic plant residual biomass, formed in large
volumes after the extraction of valuable components.

4. Conclusions

The results obtained allowed us to identify the integral effect of the extraction of
valuable components from the primary biomass. Prediction of the biogas potential of the
residual biomass of Lemna minor duckweed without experimental studies was difficult
because, on the one hand, the chemical treatment of the primary biomass causes partial
destruction of a number of cellular structures that are difficult to degrade, and on the other
hand, causes an inhibitory effect and a decrease in the content of organic matter in the
residual biomass.

It was determined that when the bioreactors were loaded with the same amount (in
terms of organic carbon) of the primary and residual biomass of Lemna minor duckweed,
the highest specific biogas yield from the residual duckweed biomass was slightly lower,
by about 9% (does not exceed the error of similar experiments), than from the primary
biomass (with a high methane content of about 50%).

The optimal composition of the mixture was determined based on the residual
biomass of the duckweed Lemna minor, which provides the highest specific yield of
biogas (0.16 L/g carbon).

Considering the possible scale of Lemna minor duckweed processing and a signifi-
cant amount of waste generation, the use of residual biomass for biogas production will
contribute to sustainable development and compliance with the goals of efficient Circular
Economy.

The modes of biodegradation of the primary and residual biomass of the duckweed
Lemna minor differed sharply. In the case of primary biomass, the experiment took
30–35 days. When using the residual biomass, the duration of the experiment increased
(up to 50 days), because it took at least 30 days to start a stable biodegradation process.
This must be considered to optimize the specific loading of bioreactors and calculate
their parameters.
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Abstract: With the Bioeconomy Strategy, Europe aims to strengthen and boost biobased sectors.
Therefore, investments in and markets of biobased value chains have to be unlocked and local
bioeconomies across Europe have to be deployed. Compliance with environmental and social sustain-
ability goals is on top of the agenda. The current biomass provision structures are unfit to take on the
diversity of biomass residues and their respective supply chains and cannot ensure the sustainability
of feedstock supply in an ecological, social and economical fashion. Therefore, we have to address
the research question on feasible strategies for mobilizing and deploying local, low-value and hetero-
geneous biomass resources. We are building upon the work of the IEA Bioenergy Task40 scientists
and their expertise on international bioenergy trade and the current provision of bioenergy and
cluster mobilization measures into three assessment levels; the legislative framework, technological
innovation and market creation. The challenges and opportunity of the three assessment levels
point towards a common denominator: The quantification of the systemic value of strengthening the
potentially last remaining primary economic sectors, forestry, agriculture and aquaculture, is missing.
With the eroding importance of other primary economic sectors, including fossil fuel extraction and
minerals mining, the time is now to assess and act upon the value of the supply-side of a circular
bioeconomy. This value includes the support the Bioeconomy can provide to structurally vulnerable
regions by creating meaningful jobs and activities in and strengthening the resource democratic
significance of rural areas.

Keywords: bioeconomy strategy; regional development; residues; policy; market; technology;
commoditization

1. Introduction

The European Bioeconomy Strategy [1] aims to “strengthen and boost biobased sec-
tors”. By definition, the bioeconomy includes “all primary production sectors that use
and produce biological resources (agriculture, forestry, fisheries and aquaculture); and all
economic and industrial sectors that use biological resources and processes to produce food,
feed, bio-based products, energy and services. To be successful, the European bioeconomy
needs to have sustainability and circularity at its heart.”

Since the 1970s, industrial ecology and industrial metabolism discussions coin the
term Circular Economy (C.E.), the C.E. has been used as a guideline in policy-making,
especially in China and Europe. Today the C.E. is mainly attributed to electronic waste (see
Circular Economy Action plan [2]) and recently also plastics (see Plastic Strategy [3]).

The Annex of the draft proposal for a European Partnership for a Circular Biobased
Europe [4] argues why also a bioeconomy is inherently a C.E.; biobased sectors have
CO2-avoidance and retention, reduction, recycling and reuse of wastes and residues as its
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goals, all traits which have been primarily credited to the circular economy. The success of
both the circular bioeconomy and the broader circular economy depend on a sustainable
feedstock supply. However, shifting the respective primary economic sectors, i.e., the
feedstock supply, to sustainable practices comes with considerable technical, societal and
organizational challenges that have to be addressed [5,6].

The current bioenergy provision is mainly based on wood chips, wood pellets or
first generation biofuel plantations [7]. The underlying resources are mobilized primarily
for material services (e.g., construction wood, pulp and paper) [8], while first generation
biofuel resource provision use similar production techniques and supply chains as agri-
cultural production. As a result and in their review on bioenergy supply and demand
scenarios and projections, Mandley et al. [9] stress a potential mismatch due to limited
modelling and analysis of crucial conversion processes between fresh biomass and end-
user services. A plethora of underutilized, non-commodity biomass resources is still not
touched upon, which could become the feedstock basis for the circular bioeconomy of
tomorrow. These resources can be categorized in energy crops-, forestry and agricultural
residues, and biogenic waste [10–13]. However, they are diverse in, e.g., physical properties
(energy density, moisture content, ash content but also contamination such as sand/plastic),
origin (landscape management, residential garden/kitchen waste) and legal status (waste
vs. resources/material). The current biomass provision structures are unfit to take on
this diversity and cannot ensure the sustainability of feedstock supply in an ecological,
social and economical fashion. Therefore, we have to address the research question on
feasible strategies for mobilizing and deploying these local, low-value and heterogeneous
biomass resources.

Thus, and for the present paper, we are building upon the work of the IEA Bioenergy
Task40 scientists and their expertise on international bioenergy trade and the current
provision of bioenergy. To address all sustainability dimensions, mobilization strategies
have to respect planetary boundaries [12] and have to be financially viable and contribute to
other societal goals. Especially for the provision of local and low-value biomass resources,
this means supporting structurally weak and rural regions. The research focuses on
the European Union concerning policies but is also inspired by technology- and market
developments in the rest of the world.

2. Materials and Methods

This work is based on an extensive discussion on biomass mobilization strategies
between International Energy Agency (IEA) Bioenergy Technology Collaboration Program
(TCP) Task 40 scientists. The expertise of the authors and discussion participants undoubt-
edly defines the scope of the presented findings. Task40 initially focused on international
bioenergy trade. However, the established supply-chain knowledge proved to be appli-
cable to strategic questions about biomaterials as well (see, e.g., Schipfer et al. [14]). The
international consortium specializes by now on the “deployment of biobased value chains”
in support of a broader, circular bioeconomy. Systemic assessments, including the utiliza-
tion of bioenergy, as, e.g., discussed for energy system models in Chang et al. [15], are
increasing in spatial, temporal and sectoral resolutions. The IEA Bioenergy Task40 follows
this zeitgeist by dedicating a task force to Regional Transitions studies. For the sake of this
paper, we understand “region” as an area that could have its own characteristics or even ad-
ministration. We refrain from setting a precise definition, but as a rule of thumb, “regions”,
“regional” and “local” could span from municipalities, the lowest local administrative unit
to groups of districts, or the NUTS 3 level.

For this paper, the IEA Bioenergy Task40 experts focused on transferring and extending
their knowledge on current bioenergy carrier provision structures to the local, low-value
feedstock base of tomorrows circular bioeconomy. During the discussions within the Task
force and based on previous works on mobilization strategies for bioenergy of lower spatial
and sectoral resolution (e.g., Junginger et al. [7]), we collect information on respective
current developments, barriers and opportunities. The discussion is further complemented
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by scientific literature on the identified topics and a collection of unpublished research-
and development projects. The here presented collection does not claim completeness or
indicates any ranking of importance. Instead, it aims at creating a coherent reference work
on challenges and opportunities for novel biomass provision structures. It should be used
to derive key concepts for follow-up scientific-, market- or patent research. To facilitate
the analysis and discussion beyond the project, we cluster the topics into three categories;
legislative framework, market structures and technological innovation (see Figure 1).

Figure 1. Biomass mobilization strategy categories. The arrow points in the direction of increasing
assessment resolution. Source: own illustration.

This paper’s Results and Discussion (Section 3) are structured following the outlined
categories, starting with the lowest assessment level, highlighting top-down the current
developments, opportunities, and barriers in the European legislative framework before
zooming into the highest assessment level on bottom-up technological innovation mobiliza-
tion strategies. The Results and Discussion section is completed with an analysis of biomass
markets for energy and material use. The Conclusions section (Section 4) connects the
different assessment levels back together and provides recommendations and limitations
of the present study.

3. Results and Discussion

3.1. Legislative Framework for Biomass Mobilization

For the basic assessment level of biomass mobilization strategies, we focus on the
European Union and its common legislative framework for the 27 Member States (M.S.). We
first and foremost are interested in high-level documents labelled “strategy”, “blueprint”,
“roadmap”, or “action plan”. Even though these terms lack clear definitions and unambi-
guity, they are often used sequentially (1) with a strategy outlining a general perspective
for development, while (2) blueprints and roadmaps are frequently used to illustrate one
or several development paths and timelines. (3) Action plans should include concrete
steps or action points and preferably quantifiable goals. On an E.U. level, respective docu-
ments facilitate the non-juridical discussion of overall trends, even though outlined targets
and measures are of non-binding characters eventually to be implemented in regulations
and directives. E.U. regulations are binding in their entirety in all Member States/M.S.,
while directives are to be “transposed” into national laws of the M.S. In contrast, decisions
(addressing particular States or organizations) and ordinances on a national, regional or
sub-regional level are out of the scope of the present paper.

In the following sub-sections, we provide a top-down mapping of the legislative
frameworks of high relevance for mobilizing local, low-value and heterogenous biomass.
We explore the E.U. policy landscape (Section 3.1.1), international projects on regional
mobilization strategies (Section 3.1.2) and how the novel concept of Multilevel governance
tries to bridge local with E.U. governance (Section 3.1.3).
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3.1.1. EU Policy Environment Affecting Regional Biomass Mobilisation

The European Green Deal lays down the strategy for a broad set of E.U. policies
currently formulated and enacted between 2019 and 2024, building upon the existing policy
framework [16]. To achieve climate neutrality by 2050, the Climate Target Plan proposes to
cut greenhouse gas (GHG) emissions by 55% in 2030 through a combination of legislation on
the Emission Trading System (ETS), Effort Sharing, and Land Use [17]. The current proposal
on revising the Renewable Energy Directive includes the amendment of renewable energy
targets to 40% by 2030, quantitative sector-specific renewable energy goals for buildings,
transport, industry and district heating and the tightening of sustainability criteria for
biomass [18]. Biodiversity protection in forests, GHG saving criteria for existing bioenergy
installations (as small as 5 MWel), phase-out of electricity-only production from biomass,
and enforced cascading principles are proposed by the European Commission.

Coherence with already existing and to-be-revised documents has to be ensured. The
primary strategy (or action plan) on the European level for biomass mobilization can be
seen in the updated E.U. bioeconomy strategy [1]. This document complements similar
objectives to the 2012 bioeconomy strategy with main action areas, including deploying
local bioeconomies rapidly across Europe. A Strategic Deployment Agenda (SDA) “for
sustainable food and farming systems, forestry and bio-based production in a circular
bioeconomy” was envisaged to be finalized by 2021 [1]. This “roadmap” will optimize
“synergies between the Common Agricultural Policy (CAP), [maritime and] fisheries [poli-
cies], [the] Agricultural Fund for Rural Development (EAFRD), other European Structural
and Investment Funds (ESIF)” and mobilize the agricultural European Innovation Part-
nership (EIP-AGRI). Furthermore, the Covid pandemic brought the relevance of healthy
regions off the urban centers to the fore. Considerable increases in grants and loans are
proposed in the NextGenerationEU package to be directed to recovery measures but also to
rural development [19].

Furthermore, local bioeconomy development is supported for coastal (e.g., Blue Bioe-
conomy grants), urban (Urban Circular Bieoconomy Strategy funding) and rural areas (in
national CAP strategic plans). The strategy also aims at piloting carbon farming initia-
tives to “make carbon sequestration and emission reduction a profitable farming/forestry
activity”. Finally, E.U. Bioeconomy policy support facilities (via the BIOEAST initiative)
and a European Bioeconomy Forum for M.S. is initiated. Furthermore, and under the
Green Deal, the Just Transition Mechanism (JTM), including the Just Transition Fund (JTF),
the InvestEU “Just Transition” scheme, and the European Investment Bank (EIB) public
sector loan facility will provide support to “reduce regional disparities and to address
structural changes in the E.U.” related to the transition towards climate neutrality. In
addition, the public–private partnership for circular bioeconomy R&D&D (now CBE JU,
former bio-based industries joint undertaking—BBI JU) with potential impacts on biomass
mobilization has to be mentioned as an essential tool to foster innovation in regions to
mobilize biomass for a circular bioeconomy.

Focusing on regional development, the E.U. Long-term Vision for Rural Areas aims at
strengthening the provision of “food, homes, jobs, and essential ecosystems services”. Pro-
posed measures include a rural revitalization platform, R&I for rural communities, boosting
digital connectivity and competencies, establishing carbon-sink focus areas and fostering
rural entrepreneurship [20]. The Farm to Fork Strategy addresses sustainability throughout
the life-cycle of our nutrient services, including “production, processing/distribution, con-
sumption [and] food loss and waste” prevention [21]. The Forest Strategy for 2030 promotes
a sustainable forest bioeconomy, including the use of wood-based resources but also eco-
tourism while “ensuring forest restoration and reinforced sustainable forest management
for climate adaptation and forest resilience” [22]. The Biodiversity Strategy for 2030 aims at
the same time to establish and extend an “EU-wide network of protected areas on land and
at sea” and announce “binding nature restoration targets” [23].

More specifically, and based on the current CAP (2014–2020), farmers have to set
aside a mandatory share of 5% of farmland for Ecological Focus Areas (EFAs), including
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“grasslands, hedges, buffer strips or nitrogen-fixing crops” [24]. Short rotation plantations
(SRP), including short rotation coppice (SRC) and single-stemmed trees (SRF), count to-
wards EFAs. However, implementation of these greening measures is still limited to about
50.000 hectares in Europe, with considerable shares in Sweden due to an unrelated willow
plantation trend between 1986–1996 and some measures such as establishment grants in
the U.K., Ireland and Germany [25].

This section provides a preliminary list and description of E.U. policies that should
be considered when planning for the mobilization of local, low-value and heterogenous
biomass feedstock. Strategically deploying these top-down resources is subject to regional,
national and international efforts. The next section addresses the evolution of respective
projects on regional biomass mobilization.

3.1.2. Regional Strategies Focusing on Regional Biomass Mobilization

Historically, the E.U. Biomass Action Plan from 2005 aimed at setting out “measures to
increase the development of biomass energy from wood, wastes and agricultural crops by
creating market-based incentives” [26]. To promote regional structures, the E.U. Biomass
Action Plan was followed up by several regional biomass action plans, bioenergy action
plans and regional development plans. These plans are often developed for specific
regions, countries, and sometimes inter-regional partnerships by trans-disciplinary project
consortia, including research and regional energy agencies, biomass associations, and
regional stakeholders. Renown projects, their funding source and runtimes are listed in
Table 1.

Table 1. Projects aiming at creating and implementing regional biomass action plans with multi-
regional and international scopes. Source: own elaboration.

Funding Agency Project Name Project Years

IEE 1 REGBIE+ 2007–2009
EFRD 2 4Biomass.eu 2009–2011

IEE 1 Bioregions.eu 2010–2013
Interreg 3 Bio-En-Area 2011–2015

IEE 1 Biomass Policies 2013–2016
FP7 4 S2Biom 2013–2016
IEE 1 Basis 2013–2016

Horizon2020 5 BioVill 2016–2019
Interreg 3 Bio4Eco 2016–2020

Nordic Council of Ministries Nordic Bioeconomy Prgrm 2018–2022
Horizon2020 5 BioEastsUp (initiative) 2019–2022

1 Intelligent Energy Europe, 2 European Funds for Regional Development, 3 Innovation & Environment Regions
of Europe Sharing Solutions, 4 7th Framework Program for Research of the European Commission, 5 Hori-
zon2020 Funding Program of the European Commission.

The selection of the projects listed in Table 1 is based on their multi-regional and
international scope. Project consortia consists of partners from 6–13 Member States, includ-
ing neighboring countries. Following up on the E.U. Biomass Action plan projects until
2013 mainly focused on creating action plans and action plan templates and improving re-
gional policies for bioenergy uptake and market creation. Older, potentially fitting projects
such as “Make-it-BE”, “BioMob”, “BioCLUS” and “Rok-FOR” are mentioned in the review
on regional biomass planning by Kautto and Peck [27]. Still, information on these projects
is insufficient for further analysis. Since 2013, sustainable and efficient use of biomass
and the interaction between biomaterial, food and feed and bioenergy based on supply
chain approaches is in the foreground. For this purpose, especially the “Biomass Policies”
and the “S2Biom” projects mapped sustainable supply potentials. They are published as
openly accessible and “updated harmonized datasets at a local, regional, national and
pan-European level for EU28, Western Balkans, Moldova, Turkey and Ukraine” [28]. More
recent projects focus on establishing “knowledge-bio hubs” and “bio villages”, exchanging
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information and know-how between regions. The Nordic Council of Ministries represent-
ing Denmark, Finland, Iceland, Norway, Sweden, the Faroe Islands, Greenland and Åland
furthermore established the “Nordic Bioeconomy Programme” to collaboratively improve
the use of biogenic residues and to remain in a leading position with regard to regional
bioeconomy development.

European regions concerned about structural losses in the primary economic sectors
through the fossil fuel phase-out also show interest in strengthening local and regional
bioeconomies. These regions include mainly coal mining since self-sufficiency rates of the
E.U. are at 60% for coal, 16% for natural gas and only 5% for oil and petroleum products
(in 2019) [29]. The Horizon 2020 project TRACER supports regions in Bulgaria, Germany,
Greece, Czech Republic, Poland, Romania, Serbia, Ukraine and the United Kingdom in
designing or re-designing their Research and Innovation strategies. The project “analyses
the impact of the energy transition, in terms of social change, communities shrinking, mi-
gration, demographic ageing, poverty, high youth unemployment rates and participation
to education and training” in intensive coal regions [30]. The mono-industrial character of
these regions makes them specifically vulnerable to respective socioeconomic challenges
and asks for dedicated measures, especially regarding re-skilling, job creation, a productive
re-usage of the industrial landscape, investments in infrastructure and addressing legal
issues related to land ownership. Shifting the focus from primary economic sectors to
secondary or tertiary sectors might not be feasible for some of these regions; thus, cou-
pling fossil-fuel phase-out with bioeocomy actions are promising strategies. A regional
bioeconomy transition example is reported for the chemistry park “Schwarzheide” with
leading research parties developing and pioneering in the deployment, together with
BASF company and other plastics processing companies, of bioplastics and biodegradable
synthetics [31].

The strengthening of primary economic sectors in these regions will have to focus on
sustainable management of agriculture and forestry for a circular bioeconomy. The circular
bioeconomy sectors will cover multiple services, including electricity, heat, chemicals, bio-
based materials, food/feed and services on ecosystems and the carbon budget. Respective
bioeconomy concepts stand in stark contrast to a direct substitution of coal with biomass
for electricity-only at the same scales of incumbent coal-fired power plants. Subsidies
for bioelectricity and electricity-only are already phased out, e.g., in the Netherlands to
re-orientate limited biomass resource potentials to economic sectors, which are more chal-
lenging to abate [32]. An obligatory phase-out is proposed by the European Commission
for all Member States, starting with 2026, except for Bioenergy Carbon Capture and Storage
(BECCS) or plants located in a “region identified in a territorial just transition plan” [33].

In summary, we can highlight that numerous regional development and biomass action
plans have been developed in dedicated projects over the last decades. The focus and scope
of these plans co-evolve with the policy framework. In the last decade, the main driver was
the provision of first generation biomass feedstocks for bioenergy and meeting renewable
energy targets. Since then, the aim of these plans seems to have shifted to (1) more generic
approaches, including quantitative feedstock and market potential assessments (2) with a
more holistic view on different bioeconomy sectors. Regions dependent on coal mining
now have the opportunity to tap into this evolution of action plans. Creating added value
and opportunities for structurally weak and vulnerable regions has been an objective in the
projects following up upon the E.U. biomass action plan of 2005. However, and with the
enlargement of the E.U., barriers and opportunities multiplied that have to be eventually
addressed based on multilevel governance frameworks.

3.1.3. Multilevel Governance for Biomass Mobilization

The E.U. is a valuable case study for biomass mobilization strategies due to its great
variety in biomes, economic structures, governmental forms and cultures but with the
ambition to agree on the direction forward without inhibiting the diversity in approaches
for the actual progress. It is not surprising that the member states themselves have a similar
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governance philosophy, resulting in a highly dynamic patchwork of legislative structures.
The Multilevel Governance (MLG) concept provides a framework for acknowledging the
interactions between the different spatial or organizational resolutions while giving room
for a more coherent policy mix across these resolutions and across sectors. An MLG view
is essential, especially for enabling local and regional energy and climate initiatives. Do-
bravec et al. [34], for example, “analyses the existing energy planning governance in Austria
throughout the MLG-structure by focusing on the alignment between the local energy and
climate initiatives and the national and E.U. goals”. They find that a “general willingness
of Austrian municipalities to take part in local energy actions” as well as “cooperation of
different levels of governance from the top-down and bottom-up perspective” via local,
regional and inter-regional initiatives such as the e5—Program of energy-efficient munic-
ipalities, KEM—Klima- und Energiemodellregionen, CoM—Covenant of Mayors can be
observed. Based on the identified shortcomings, especially concerning data availability and
spatial energy planning for renewables crossing different jurisdictions and responsibilities,
the paper recommends extending the existing governance on multiple levels with a more
flexible MLG, including neighborhoods and zones and their interconnection with varying
levels up to the European Union (see Figure 2). Exemplary action points in such a frame-
work could include “blueprint[s] for pioneering feasible regional energy initiatives”. In
contrast, regional sustainable development goals need to be integrated into national energy
transition policy [35].

Figure 2. New integrated action space for multilevel governance. Source: own illustration modified
from Dobravec et al., 2021 [34].

Renewable local energy initiatives historically focused on tackling problems related to
social acceptance, such as the “nimby” (not in my backyard)-phenomenon. Today, especially
modularity of renewable electricity generation, prosumer frameworks and demand-side
management are rather coined by questions on social participation instead of acceptance.
Participatory processes in governance and investments and providing energy production
and consumption flexibility or engaging and nudging social networks to enhance energy
efficiency or more sustainable consumption hold significant potentials, not yet recognized,
e.g., in energy system planning [36–38].
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The Renewable Energy Directive acknowledges the manifold “opportunities for
growth and employment that investments in the regional and local energy production
from renewable sources bring”. The regional and local development opportunities include
“export prospects, social cohesion and employment opportunities, particularly SMEs and
independent energy producers”, with decentralization fostering “community development
and cohesion by providing income sources and creating jobs locally.” The Renewable
Energy Directive and the European Economic and Social Committee (EESC) mainly ad-
dress “the role of civil society in the implementation of [decentralized P.V.- and wind
energy]” [39]. Based on the findings of this paper, we think it is time to extend this broader
socioeconomic benefits discussion to regional biomass mobilization. For example, a civic
power plant (“Bürger* innenkraftwerk”) based on P.V. already boosts the possibilities for
participation manifold compared to a fossil-based power plant based on energy carrier
imports. However, a local CHP-plant connected to a district heating network and supplied
by forestry residues from forests primarily cultivated for stem-wood for wood construction
and engineered wood products must exhibit an even higher societal participation potential.

Socioeconomic benefits of regional bioeconomies such as income, employment and
net-profit for and of the engaged stakeholders are vital parameters to highlight here for
policymakers and society (see, e.g., Wang et al. [40]). However„ the “inclusion of unique
types of possibilities that each town or location offers” [41] needs to be taken into account,
even though this might be more difficult to assess quantitatively. Furthermore, different
levels of purchasing power parity (PPP) result in trade between regions [42]. While biomass
export can provide economic benefits, the availability of ecologically sustainable options
for meeting the own demand of the exporting regions has to be ensured. More indirect
societal benefits include “protection against unpredictable energy pricing, improved energy
access and security, reduction of transmission and distribution costs, independence from
multinational utility interests and strategies and increased feasibility of renewable energy
deployment within the framework of decentralized business cases” EESC in McGovern
and Klenke [35].

For the present paper, we can outline that the valorization of the outlined socioeco-
nomic benefits is still in its infancy. This observation is based on the fact that the quantifi-
cation and assessments of the discussed aspects do not even take place in the theoretical
energy system- and bioeconomy models today. Following Krumm et al. [37], we urge
modelers to take “heterogeneity of actors, public acceptance and opposition, public partici-
pation and ownership” into account to at least theoretically explore the social dimension
and benefits of regional biomass mobilization quantitatively.

3.2. Mobilization through Technological Innovation

Biomass mobilization will most likely be enhanced through various innovation types;
organizational/institutional and social innovations can extend technological innovation.
Organizational/institutional innovations address “changes in and among various organiza-
tional aspects of functions [of an organization or institution]”, e.g., “the idea of networks—
involving actors inside and outside [of the organization]” [43]. Social innovation is defined
as “preferences of consumers, citizens, and workers for the types of products, services,
environmental quality, leisure activities, and work they want” as well as respective changes
in their behavior and interactions [43]. It also refers to “new solutions that imply conceptual,
process, product, or organizational change, which ultimately aim to improve the welfare
and wellbeing of individuals and communities” [44].

Still, and for this assessment level, we first and foremost focus on the market introduc-
tion and diffusion of technological innovations. We explore the current frontiers in adopting
respective technologies for mobilizing the feedstock base of the circular bioeconomy. Es-
pecially biomass pre-treatment technologies (Sections 3.2.1 and 3.2.2), improvements in
planning and harvesting (Section 3.2.3) and biomass production (Section 3.2.4) can provide
opportunities for the mobilization of local, low-value and heterogenous biomass.
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3.2.1. Decentralized Pre-Treatment

Classical, mechanical pre-treatment processes include chipping, pelletization, bri-
quetting and bailing of biomass, which reduces transport and handling costs and better
facilitates the storage and trade of densified bioenergy carriers [45]. Torrefaction, a mild
form of pyrolysis, can further enhance relevant properties of the bioenergy carriers such
as energy density, grindability and hydrophobicity [46]. Pyrolysis to maximize the liquid
fraction of the output [47], hydrothermal treatment [48,49], upgrading of biogas from anaer-
obic digestion [50] or from biomass gasification to biomethane [51] are other strategies
to facilitate biomass mobilization. A large number of publications focused on the impact
of densification technologies on decreasing supply chain costs [52] to promote biomass
commodification and trade [53] and to improve conversion efficiency, for example, through
gasification [54].

In contrast to properties related to trade also the value of energy and carbon being
reliably stored over a long time becomes particularly relevant in a Circular Bieoconomy [45].
This value is based on improved volumetric energy densities and suitability for storage in
existing infrastructures in light of flexibility needs due to increasing shares of intermittent
renewable energy production. However, similar to the socioeconomic benefits outlined in
Section 3.1, tools to quantify and valorize this flexibility, even in theoretical energy system
models, are missing today (see, e.g., Thrän et al. [55]).

3.2.2. Mobile/Portable Pre-Treatment

Investments in conversion- and pre-treatment plants are primarily driven by economies
of (unit-) scale. It is recommended to optimize between plant size and the “respective
feedstock supply distances for various feedstocks, supply modes and feedstock yield,
availability and accessibility combinations” [45]. This obvious connection has far-reaching
consequences, including the need for pre-treatment steps based on commodity markets (see
Section 3.3), emerging overcapacities with increasing feedstock competition and tendencies
to create vertically integrated supply chains.

Still, some niche actors aim to down-scale respective stationary technologies for
them to become relocatable, transportable or even mobile. Polagye et al. [56] outline in a
detailed cost comparison how the economy of scale results in the issue that “the production
of bio-fuels using mobile and transportable facilities is significantly more costly than
production at a stationary or relocatable facility.” A more recent project, “mobileflip.eu”
from VTT and SLU, acknowledges that the added value of the smallest functional unit
would be reflected by its flexibility to switch between feedstocks that are scattered spatially
but also in time. They discuss mobile pre-treatment facilities of 687 tonnes of forest
residues input per year [57]. De la Fuente et al. [58] outline the LCA of mobile pelletization,
torrefaction, slow pyrolysis, hydrothermal pre-treatment and carbonization and respective
environmental challenges for downscaling pre-treatment. Demonstration projects are
furthermore described in Mirkouei et al. [59,60] for mobile bio-oil production (i.e., the
Renewable Oil International LCC) based on a relatively old refinery concept from Badger
and Fransham, 2005 [61] and another slow pyrolysis for biochar production (Schatz Energy
Research Center) as an alternative to slash pile burning [62,63]. Some commercialized
concepts exist, such as the relocatable shipping container “PelletBox” by Prodesa and
mobile pelletization plants such as the “Krone Premos 5000′, the “Schaider Groups Pelletec”,
the “Gmco mobile pellet plant” and the “Proxipel concept”. However, while these concepts
could significantly help mobilize local and heterogenous biomass resources, they do not
play a considerable role in current provision structures.

3.2.3. GIS Supported Planning and Harvesting

Subramanian et al. [64] classify energy system models regarding their (1) decision-
making hierarchy (strategic, tactical, operational) and (2) the level of technology aggrega-
tion (unit operation, plant, supply chain, energy sector and whole economy). However,
we can observe supply chain innovation and the utilization of Geographic Information
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Systems (GIS) on all three hierarchy levels and imagine supply chain management to
become the backbone of connecting organizational planning to mobilize biomass for a
circular bioeconomy.

However, a notable literature review on biomass supply chain optimization by Ba
et al. [65] finds that “GIS [is] mainly used in a strategic context because they lack the short
and medium-term temporal dimension that is required for tactical and operational deci-
sions.” They are often applied to find economically optimal solutions for mobilizing forestry
residues. In contrast to forestry biomass, optimization of agricultural residues and/or based
on environmental or social parameters (or a combination thereof) are discussed to be less
plentiful [66]. Economic optimization addresses minimizing costs for public endeavors and
society, e.g., drafting policy recommendations or maximizing revenues for private projects
and investment decisions. The “BeWhere model” (based on Leduc, [67]), for example,
“identifies the localization, size and technology of the renewable energy system that should
be applied in a specific region”. At the same time, Frombo et al. in Ba et al. [65] provide
a “GIS-based Environmental Decision Support System (EDSS)” to support investment
decisions for location and size of pre-treatment plants for forest residues.

The utilization of GIS data in a strategic context includes decision variables such
as the optimal location to construct a biomass densification or conversion facility, its
capacity, technological set-up and the biomass supply and distribution between facilities
and the end-user. In contrast, tactical models aim at inventory planning and identify
optimalharvest quantity, harvest schedules, inventory deployment and optimize transport
modes, shipment size and routing. These models are mainly business-oriented, such for
example, the “VITO MooV model” (based on De Meyer et al. [68]) optimizing supply
chain configurations, including decisions on transport mode planning, storage capacity
planning and feedstock- and product variability for medium-term (i.e., next months to
years) scheduling. Vopenka et al. [69] furthermore describe a tool for spatial and temporal
optimization of forest harvesting in a user-friendly digital map, potentially bridging the
gap between tactical and operational planning.

The operational context can be discussed regarding scheduling activities in a temporal
granularity below months and weeks. An H [70] aims to optimize the “daily scheduling
of [trucks and] mobile [loaders] to transport biomass from satellite storage locations to a
bioenergy plant” and present a case study on corn stover. Zamar et al. [71] identify the best
daily routing schedule for trucks to collect sawmill residues for energy conversion in the
pulp and paper industry. Besides these rather classical travelling salesman problems, the
literature on biomass supply chain GIS-modeling for operational decision support is scarce.

The view citations mentioned in the central reviews on biomass supply chain mod-
elling [65,68,72,73] can mostly and arguable be better grouped in the tactical or even
strategic context. We acknowledge that thorough market research would be more thankful
for this type of model than the scientific literature research performed for the objective of
this paper. Innovations in the field of precision agriculture, including optimizing fertilizer-
and pesticide application, as well as harvest scheduling, weather forecasts of high temporal
and spatial resolutions but also dynamic record-keeping based on data collection from
satellites, drones and on the ground (e.g., https://geomarvel.com/, accessed on 31 Decem-
ber 2021), can be used for increasing the mobilization of biogenic residues. Digitally guided
forest management, planning for collecting and utilizing damaged wood from extreme
weather events or minimizing soil contamination through harvesting after natural washing
(rain) and optimized deployment of mobile pre-treatment could be potential applications.
These big data strategies can be complemented by further digitalization and mechanization
efforts, e.g., in silviculture operations and with soil mechanics fundamentals to assess
terrain trafficability as, e.g., currently developed in the “H2020 EFFORTE project”.

3.2.4. Next-Generation Primary Sources

Wild cards in the bioenergy and the circular bioeconomy discussions can be seen in
novel biogenic carbon sources and -sinks for biogenic carbon. Their particular potentials
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for regional mobilization strategies supporting a circular bioeconomy are challenging to
discuss. Alternatively, we provide a short overview of the different research frontiers that
will have to be assessed in follow-up projects in detail.

The production of short rotation coppice (SRC) remains relatively low (see Section 3.1.1).
Various projects assess the potential of crops such as Miscanthus and hemp, such as the “BBI
GRACE”, or agricultural prunings and plantation removal in the “uP_Running project”.
The EU-Brazil cooperation in the “BECOOL project” addresses different “annual and
perennial dedicated lignocellulosic crops, together with crop and process residues such as
cereal straw, sugar cane straw, bagasse, and lignin-rich residues.” The “MAGIC” and the
“ADVANCEFUEL” projects have an even broader scope for abundant oil, lignocellulosic,
carbohydrate or specialty crops. Innovation for agricultural management such as optimiza-
tion of planting density, crop establishment improvements, crop rotation intercropping,
multi-purpose cropping, cropping on marginal land and precision farming, and increasing
the harvesting frequency, will potentially provide additional biomass. These topics are
subject, e.g., to the “LIBBIO” project, the “SeemLA” project and the “FORBIO” project.

In addition, “technological advances in agriculture and forestry can still be expected
through improved fertilization, breeding, crop selection, and gene editing, and genetically
modified organisms not only for yield improvements but also to provide resilience against
temperature tipping points [for biomes] caused by global warming” (see Duffy et al. [74]).

In this line, the production of micro-and macro-algae also have to be mentioned.
Algae are “produced in photobioreactors, in open ponds or harvested from the natural
environment are also promising primary feedstocks and should be addressed, e.g., in
bioeconomy modelling and discussions” [75]. As part of the “blue economy”, this is mainly
commercially realized for food or specialty food products (e.g., Omega-3 fatty acids). The
high water content renders energy or chemicals production, particularly energy and cost-
intensive. Furthermore, services such as nutrient recycling and recirculation or urban
solutions are still in their infants, often discussed under the umbrella of Nature-Based
Solutions [76].

3.2.5. Next-Generation Primary Sinks

The IEA Bioenergy project on the deployment of biocarbon capturing and sequestra-
tion published three case studies of large scale BECCS coupled with CHP in Denmark [77]
for bioelectricity only in the Drax Power Station in the U.K. [78] and with the waste in-
cineration plant of Fortum Oslo Varme in Norway [79]. In addition to the “centralized”
and large-scale BECCS, more decentralized carbon storage solutions, such as halting defor-
estation and degradation, have the most significant carbon emissions mitigation potential
followed by afforestation (non-forest areas to forests) as outlined, e.g., in [80], reforestation
(deforested areas to forests) (see Chazdon et al. [81]) and forest restoration (degrading
forest to healthy forest) [82]. Furthermore, Fritsche et al. [83] lists biochar addition to soil
“improving water holding capacity and nutrient use efficiency” while sequestering carbon.
Especially in the light of climate change, we want to stress that these decentralized carbon
management strategies will require substantial efforts attracting skilled labor to rural areas
and providing mobilization opportunities for circular bioeconomy feedstock.

3.3. Market Creation for Biomass Mobilization

Zooming into the regional context of biomass mobilization, we find that existing
legislative frameworks (Section 3.1), readily deployable technologies, and niche innovations
(Section 3.2) are often pre-conditions to establish economic activities but do not necessarily
result in such. The creation and establishment of dedicated and functioning physical
markets, regional-, interregional- and international trade depend on additional factors,
such as market competitiveness and -liquidity [83]. In the following pages, we provide and
discuss selected strategies on the market creation level for the mobilization of low-value
and heterogenous biomass feedstock.
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3.3.1. Market Catalysts for Wastes, Residues, Post-Consumer Products and Secondary
Raw Materials

Regarding European efforts to transform the economy, the European Bioeconomy
Strategy states that “to be successful, the European bioeconomy needs to have sustainability
and circularity at its heart” [84]. A comprehensive European policy overview on circularity
measures can be found in Milios L. [85] who outlines, that even though the E.U. can be seen
as a leader in circularity, its actions mainly focus on the end-of-life phase of consumables
so far while avoiding waste through improved quality and repair options are rather novel
concepts. Waste collection, processing and treatment gained a high priority in the many
E.U. Member States, distinguished by waste fractions, e.g., containing fossil-based plastic,
biogenic waste and electronic waste. The E.U. Circular Economy action plan [2] thus goes
a step further by aiming to create a secondary feedstock market, primarily focused on
fossil-based plastics from waste collection but also including residues from downstream
industries. This creates market opportunities for commercial waste and residues plastic
collectors and distributors (e.g., see https://polymerstocklist.com/, accessed on 31 De-
cember 2021). The collection and mainly energy utilization of waste wood, also coined
post-consumer wood, is already better established, resulting in small but quantifiable
international trade [7]. Similarly, the collection of used cooking oil and animal fats for inter-
national trade and biodiesel production has gained importance in the recent decade [86].
While used cooking oil and animal fats exhibit a limited potential for business creation,
post-consumer wood from traditional applications but also from increased utilization, e.g.,
in a potentially growing wood-based construction sector (see, e.g., Churkina et al. [87]), as
well as novel materials such as biopolymers (see, e.g., Schipfer et al. [14]), will demand
residues and waste collection, processing, treatment, intermediary storage and distribution
to biobased industries.

3.3.2. Physical and Virtual Bio-Hubs

Decentral or regional biomass processing depots, or bio-hubs, are facilities that are dis-
cussed to overcome the mismatch between the distributed occurrence of biogenic resources
and large-scale centralized conversion plants such as biorefineries [88–90]. Conceptually, by
including on-site pre-processing and/or densification technologies, bio-hubs are enabling
regional market creation to allow farmers and forest owners to convert their residues into
valuable by- or even co-products in the form of bioenergy or biogenic carbon carriers.
Residue collection and forwarding can be either done by the farmers themselves or third
parties eventually owning mobile pre-treatment equipment (see Section 3.2) or machinery
to make the residues accessible. Economically feasible options for residue collection are
often highly case sensitive, mainly based on low energy densities and high water content
and thus limit economically viable transportation ranges [45]. Different collection options
exist and should be compared on a case-by-case basis.

A dedicated project for collecting the best bio-hubs practices was initiated within
the IEA Bioenergy TCP. The IEA Bioenergy Biohub project collects and disseminates case
studies from different world regions and theoretical considerations regarding agri- and sil-
vicultural residues collection centers (see https://arcg.is/qLqaK, accessed on 31 December
2021). The broad definition of bio-hubs by Nasso et al. [91] valorize opportunities such as
“streamlining of processing, storage and transportation, reduction in administrative costs,
making a variety of biomass types available at a single location, providing an opportunity
for suppliers of biomass products to continue producing in the offseason [ . . . ], as well
as a place for companies to connect and trade with one another” is used for the projects’
assessment. Successful examples include the Tschiggerl Agrar GmbH, a logistics center for
processing agricultural residues to feed, animal bedding material and fuel, but also virtual
bio-hubs such as the Rosewood Network for knowledge transfer in eastern European
countries, discussed in the IEA Bioenergy Biohub workshops [92].

Other virtual bio-hubs have also been initiated several times throughout history.
While some aim to facilitate knowledge transfer (see Table 1), others establish online
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market platforms to trade bioenergy commodities. Projects such as “b2bbioenergy.eu”
and “promobio.eu”, “pellet-zone.com” and “bioexchange.com” can be named within this
realm. While these projects did not succeed and homepages are not maintained anymore,
the “Biomass Commodity Exchange (BCEX)” for cellulose biomass trade within the U.S.,
including energy crops such as willow, poplar and switchgrass, is under construction.
For more international trading of biomass and bioenergy commodities, the wood pellets
futures from “Euronext” and platforms to prove the origin, especially of liquid and gaseous
commodities such as the “German Nabisy” system or national and international renewable
gas registries fall in the category of virtual bio-hubs. In the Baltic States, “Baltpool” enables
the trade of biomass feedstocks and even heat, with the latter being reported a relatively
underdeveloped market in other parts of the E.U. [93,94]. If virtual market platforms can
alter regional trade remains to be shown. However, the comparison, implementation,
development, and impact of virtual bio-hubs could be an exciting field of energy economic
research without considerable publications to date.

Similarly, virtual bio-hubs include the “Electronic Reverse Auction (eRA)” system in
Denmark. Via the eRA straw-based thermal power stations source their fuel since 2006.
A power station initiates the auctioning by requesting a certain amount and quality of
straw. Various potential suppliers can underquote (reverse auctioning) until a determined
deadline. Each buyer runs its auctioning model, while the supplier can decide on amounts,
contract periods (1–3 years) and prices based on blind auctioning.

The applicability of eRA for the German straw market has been discussed in
Pfeiffer et al. [95]. Even though the eRA system is a virtual market platform, it still re-
quires intensive relationship management. This results in additional work for the buyer
and significant competition among the sellers. Furthermore, it has to be mentioned that
eRA in Denmark mainly was implemented to stabilize a market, not to establish it. For new
markets, feasibility studies need to address supply and demand potential, engagement of
possible stake- and shareholders and include a thorough risk assessment [95].

3.3.3. Commoditization of Intermediary Products

In the previous years, the IEA Bioenergy TCP Task40 discussed the commodification of
bioenergy carriers as a necessary step for market uptake and market creation. For example,
in Olsson et al. [83], we present the key features of commodity markets, including trade
with standardized and perfectly fungible (interchangeable) units. These product-related
properties are complemented with market-related properties, such as the engagement
of many buyers and sellers, resulting in high market liquidity. These properties can be
expressed by international trade and equilibrating forces on the last remaining product dif-
ferentiator, the product price. In Schipfer et al. [96], we try to quantify the commoditization
of wood pellets based on competitive spatial equilibrium modelling using modern trade
theory. The wood pellets market can be seen as a role model for possibly upcoming pre-
treated bioenergy carriers such as straw pellets, briquettes, pyrolysis oil and biomethane
and biogenic carbon-based (liquid) chemicals, including biodiesel, bioethanol and liquid
organic hydrogen carriers (LOHC). Still, we find a relatively inefficient international wood
pellets market in central Europe with high margins for traders. The identified low efficiency
and low commoditization could result from low market transparency and an “intrinsic
valuation of non-quality related properties like pellets color and more regional biomass
supply chains”. In the article we argue, that internationally harmonized data and sustain-
ability standardization (and awareness thereof) could steer the market towards a joint price
benchmark and more stable and on average lower prices. However, we acknowledge, that
this development holds the risk to drive smaller and less economic viable producers with
regional supply chains out of the market.

A more critical view and direct reaction on this topic are presented in McGovern
and Klenke [35]; here, commoditization is deemed “counter to generating viable regional
energy projects as it reduces the stakeholder role of local agricultural biomass producers”.
Commoditization is addressed as a challenge with the potential impact to “seriously decel-
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erate or weaken the movement towards energy democracy and decentralized renewable
energy”. Provided supporting arguments include that longer and international supply
chains give citizens “little-to-no influence over the sustainability of their energy supply”
and pose a risk of distorting ecological equilibrium since they undermine efforts for (local)
circularity. This critique understands the heterogeneity of regional biomass supply chains
as an essential driver for the participation of diverse stakeholders, providing ownership,
local revenue and job creation, and independence from multinational utility interests.

Some of these commoditization-critical arguments are not sufficiently substantiated;
e.g., sustainability certification provides control over the energy supply chain, even for
internationally purchased wood pellets, wood pellet supply chains, especially for residen-
tial heating, are by no means centralized. However, the overall controversy and potential
trade-off between commoditization and specialization, hence between larger and efficient
markets and smaller and less efficient markets, is highly relevant, especially in the light
of regional and civic energy initiatives. As discussed under the legislative strategies (see
Section 3.1), circular bioeconomic structures have exceptionally high decentralization- and
societal participation potentials. We propose that this key performance indicator (KPI)
could be better measured by the number of stake- and shareholders part of a specific bioe-
conomy supply chain rather than by the transport distance of bioenergy or biogenic carbon
carriers. Still, the number of stake- and shareholders, similar to the transport distance,
contributes negatively (higher costs) to the accumulated costs of the final product/service
and for the consumer. Without “giving credits” to this KPI, commoditization and the re-
sulting (international) market efficiency indeed result in (1) less stake-/shareholder diverse
supply chains and (2) relocation of supply chains to regions of lower production costs. In
addition, and in line with Section 3.1, biomass export from lower PPP-regions does only
provide economic and ecological benefits, as long as it does not endanger the availability of
sustainable options to meet the demand of the exporting regions.

Sustainability certification can ensure that efficient markets do not race to the lowest
environmental standards and even elevate standards and transfer higher standards to
some regional markets. Additional socioeconomic certification for smaller producers, as
implemented for some products (fair-trade of coffee and tea, chocolate), can be understood
as the specialization of the supply chain; however, a critical mass of equitable supply
chains could set new standards for commodity markets. Extending sustainability certifi-
cation of internationally traded biomass commodities with socioeconomic KPIs such as
stake-/shareholder variety could be a promising strategy for just and regional biomass mo-
bilization. Research on comprehensive frameworks for sustainable assessments of biobased
products is performed, e.g., in the Horizon2020 STAR-ProBio project.

3.3.4. Informative Networks for Knowledge Exchange and Market Creation

Transparency is critical for functioning international markets and is also expected
to play an essential role in regional markets to support values (e.g., sustainability, stake-
/shareholder diversity) but also stability through the exchange of harmonized price in-
formation, spatially and temporally explicit production and consumption data and data
on flows and stocks, including storage volumes. Bioenergy storage, and its flexibility
service character, is of particular importance when energy systems develop towards higher
implementation of intermittent renewable energies such as photo-voltaic and wind power.
Market transparency induces fair competition, which can be beneficial not only for the
end-users but also for the shareholders of the supply chain if the information on innova-
tion is transparently traded and best practices are shared. Currently, market information
networks are collecting, preparing and providing respective knowhow and knowledge,
often in cooperation with experts from industry and academia:

The IEA Bioenergy TCP and related TCPs (see Figure 3) is part of the intergovern-
mental OECD/IEA network. It is committed to providing scientific backed information on
the level of markets, developed- and immature technologies and how their status today,
opportunities and barriers for market diffusion in the upcoming decades.
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Figure 3. Structure of the IEA network and technology collaboration program. Source: own illustra-
tion based on BMK, KG and Eggler, Indinger and Zwieb, 2018 [96].

Other energy-related international and partly intergovernmental information net-
works include the International Renewable Energy Agency (IRENA), the U.N. initiative
Sustainable Energy for All (SE4ALL), the REN21 and many more (e.g., International Energy
Forum /IEF, Global Bioenergy Partnership/GBEP, BioFuture Platform, EurObserv’ER,
European Renewable Energy Council/EREC, World Energy Council and Food and Agri-
culture Organisation on bioenergy and food security/FAO BEFS). On a European level,
especially the European Energy Research Alliance (EERA) has to be mentioned. While
these networks focus on the exchange between countries, also considerable efforts are
undertaken for inter-regional exchange of know-how and knowledge. Networks on an
inter-regional and regional level often include national and regional governments and
regional energy agencies, and interest groups. They are supported by international or
national structural and regional development funds (see Section 3.1). Analyzing the unique
selling propositions and the effectiveness of the different networks and initiatives is beyond
the scope of this project. Still, it could be an exciting research topic for participatory research
and research on international consortia, potentially resulting in harmonized performance
metrics and ultimately improved impact on regional sustainable energy implementation.

4. Conclusions

We assess mobilization strategies for local, low-value and heterogenous biomass feed-
stock. Respective feedstocks, including energy crops-, forestry- and agricultural residues
and biogenic wastes, are identified as the backbone of the circular bioeconomy of tomorrow.
In contrast to currently deployed biomass for energy purposes, novel provision structures
face considerable technical-, societal- and organizational challenges.

To explore and discuss these challenges, we are building upon the IEA Bioenergy
Task40 expertise on international bioenergy trade and the current provision of bioenergy.
For the present paper, we aim at transferring and extending our knowledge on current
bioenergy carrier provision structures to the local, low-value feedstock base of the circu-
lar bioeconomy.

This approach exhibits limitations on each of the three assessment levels: The (1)
legislative framework level limits the scope to top-down frameworks and the E.U. policy
landscape. A first attempt to overcome the top-down view is made by bringing together
findings from international projects on regional biomass mobilization. The (2) innovation
level assessment is limited to technological innovation only. This limitation is mainly due to
the available expertise in the consortium. However, social and organizational innovations
also visibly coined the findings of all three assessment levels. For the (3) market creation
level, the results and discussion section builds on the authors’ particularly strong scientific
background. The remaining limitations concern the under-researched nature of this area;
they include limited scientific, energy-economic publications on electronic bioenergy carrier
trading or comparative discussions of different market structures and market instruments.

We find that the E.U. policy landscape, especially under Covid recovery’s umbrella,
provides significant funds for regional development and biomass mobilization. Most
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regional action plans shifted to international, quantitative potential assessment approaches
to provide biomass to different Bioeconomy sectors. The next frontier can be seen moving
towards Multilevel governance, entangling governance levels from neighborhoods to E.U.
governance. Respective opportunities for regional biomass mobilization are particularly
exciting since the circular bioeconomy exhibits an outstanding decentralization- and thus
resource democratization potential.

The niche technological innovations for the mobilization of local, low-value and het-
erogenous biomass resources already exist. They include mainly pre-treatment technologies,
GIS-supported planning and novel primary biomass sources. However, ensuring economic
and ecological sustainability while down-scaling pre-treatment technologies to the smallest
possible functional unit need to be addressed. In return, mobile or at least portable pre-
treatment and densification plants could induce valuable operational flexibility. Mobile
pre-treatment, coupled with big-data and GIS support, could overcome the challenges of
seasonal fluctuations and in-homogenous geographical feedstock distribution.

However, markets for local, low-value and heterogenous biomass resources are largely
underdeveloped. Physical- and virtual bio-hubs and market platforms are required to
connect the highly diverse supply side with the demand side for biomaterials and bioenergy.
Today, these hubs are rather an exception than the rule; numerous attempts of establishing
virtual market platforms have failed over the years. The heterogeneity of market actors and
the traded goods can be identified as a major challenge, also for successful platforms such as
the eRA-straw market. With this regard, commoditization is addressed as a double-edged
sword; without environmental and socioeconomic standards, market creation might be at
the expense of biodiversity and stakeholder variety.

The challenges and opportunities of the three assessment levels point towards a
common denominator: The quantification of the systemic value of strengthening the
potentially last remaining primary economic sectors, forestry, agriculture and aquaculture,
is missing. With the eroding importance of other primary economic sectors, including fossil
fuel extraction and minerals mining, the time is now to assess and act upon the value of the
supply side of a circular bioeconomy. This value includes the support the Bioeconomy can
provide to structurally vulnerable regions by creating meaningful jobs and activities in and
strengthening the resource democratic significance of rural areas.

Energy system and circular bioeconomy modelling could play an important role,
theoretically simulating the systemic value, e.g., of temporal- and spatial flexibility of
pre-treatment technologies and of stakeholder diversity in markets and multilevel gover-
nance. Therefore, modelling should account for multiple assessment criteria and modelling
functions, based on all types of resources, including monetary-, natural-, CO2-budget- but
also human resources. Based on the theoretical work, sound recommendations for biomass
mobilization action plans, technology investment decisions and market organization should
be derived.
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Nomenclature

BBI JU Biobased Industries Joint Undertaking
BECCS Bioenergy Carbon Capture and Sequestration
CAP Common Agriculture Policy
CBE JU Circular Bioeconomy Joint Undertaking
C.E. Circular Economy
CHP Combined heat and power
CO2 Carbon dioxide
EESC European Economic and Social Committee
EFA Ecological Focus Areas
eRA Electronic Reverse Auctioning
E.U. European Union
GHG Greenhouse Gas
GIS Geographic Information System
IEA International Energy Agency
KPI Key performance indicator
M.S. Member States
MLG Multilevel governance
MWel Megawatt electric
NUTS Nomenclature of Territorial Units for Statistics
OECD Organization for Economic Co-operation and Development
P.V. Photo voltaic
R&D&D Research, development and deployment
SME Small and medium enterprises
TCP Technology Collaboration Programme
U.K. United Kingdom
U.S. United States
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Abstract: Tree resin is a macroergic component that has not yet been used for energy purposes. The
main goal of this work is to determine the energy content of the resin of spruce, pine, and larch
and of wood components—pulp and turpentine. The combustion heat of resin from each timber
was determined calorimetrically. Approximately 1.0 g of liquid samples was applied in an adiabatic
calorimeter. The energy values of the tree resin (>38.0 MJ·kg−1) were 2.2 and 2.4 times higher
than that of bleached and unbleached cellulose, and the highest value was recorded for turpentine
(>39.0 MJ·kg−1). Due to the high heating values of the resin, it is necessary to develop approaches
to the technological processing of the resin for energy use. The best method of resin tapping is the
American method, providing 5 kg of resin ha−1 yr−1. The tapped resin quantity can be raised by least
3 times by applying a stimulant. Its production cost compared to other feedstocks was the lowest.
Tree resin can be applied as a means of mitigating global warming and consequently dampening
climate change by reducing the CO2 content in the atmosphere. One tonne of tree resin burned
instead of coal spares the atmosphere 5.0 Mt CO2.

Keywords: resin; combustion heat; renewable energy source; wood; carbon sequestration; cli-
mate change

1. Introduction

According to European Union policy (Directive 2009/28/EC), 20% of the overall
energy consumption in the EU by 2020 should be provided by renewable sources. In this
respect, adequate findings must be obtained for the characterization and identification
of specific biomass types [1,2], because forest biomass quality is closely associated with
carbon sequestration, lowering its content in the atmosphere [3]. A more detailed study on
the energy issue of resin as an important component of tree biomass is therefore necessary.

Resins are related to a family of extractive substances, including waxes, suberin, cutin,
glycosides, alkaloids, and others, that protect the plants against unfavorable biotic and
abiotic influences [4–9]. Resin can be chemically characterized as a group of aromatic
compounds of a terpene nature, formed by two major classes of substances—the first group
of compounds is derived from phenylpropane, and the second is from terpene compounds.
Resin is a mixture of various substances, of which resin acids, terpene-type hydrocarbon,
terpenoid alcohols, waxes, and solutions of relatively light or volatile terpenes are the
most important [10–13]. The terpenes are largely monoterpenes that generally comprise
about 25% of the total weight of resin. The remainder of the liquid fraction is chiefly
sesquiterpenes (0–20%). Thus, the aggregate of all terpenes in the whole resin is in the
range 25–45% [14]. It is generally agreed that terpenes are formed by the polymerization
of isoprene (C5H8) from hemiterpenes, through monoterpenes, and up to polyterpenes
(including rubber and gutta) [15,16].

Tree resin is a complex mixture of volatile and non-volatile terpenes. Mono-(C10H16)
and sesquiterpenes (C15H24, turpentine; farnesyl diphosphate, FPP) are generally volatile,
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giving fluidity to the resin, and they usually give resin its characteristic odor. When
only volatile mono- and sesquiterpenes occur, they often are called essential oils. This
designation, however, is misleading because these terpenoids are neither essential to plant
metabolism nor true oils; “essential” refers to their essence or fragrance, and “oil” refers to
their feel. Turpentine constitutes the largest group of secondary products and derives from
a 5C compound, IPP (isopentenyl pyrophosphate). Non-volatile diterpenic acids (C20H32,
rosin), the most frequent and abundant diterpenoid resin compounds occurring in rosin,
are derivatives of abietane, pimarane, and isopimarane skeletons [17,18]. Diterpene acids
are particularly important in resin. The doubling (dimerization) of the C15H24 (FPP) leads
to C30H52 compounds, i.e., triterpenes. Triterpenes include a wide variety of structurally
diverse substances. These terpene fractions are a natural source of valuable materials for
chemical industries [19].

Plant resin can be defined primarily as a lipid-soluble mixture of volatile and non-
volatile terpenoid and/or phenolic secondary compounds that are usually secreted in
specialized structures located either internally or on the surface of the plant, and of potential
significance in ecological interactions [10]. Resin is sometimes confused with oleoresin.
Oleoresins are comparatively fluid terpenoid resins with a higher ratio of volatile to non-
volatile terpenes. Hereinafter, the resin will mostly be referred to as oleoresin.

After the collection, crude resin conversion into gum turpentine and gum rosin is car-
ried out by steam distillation [20]. Subsequently, these by-products are processed for use in
the fabrication of diverse industrial products such as feedstock, cleaners, pine oil, fragrances
and flavoring compounds, pesticides, solvents and thinners for paints, and pharmaceu-
ticals products [21–23]. Most Pinus species yield pinenes (α- and/or ∃-pinene) as major
compounds in their monoterpenic turpentine fraction. Large amounts of pinenes are used
in the flavor and fragrance industry [24]. However, due to their strong odor, they cannot be
extensively used as additives in flavors or fragrances; pinenes are chemically converted to
more valuable products, such as verbenone, a monoterpene that exhibits an ecological role
as an anti-aggregating pheromone (tree protection) [25–30]. Besides this, pinenes might
also be used in the production of pharmaceuticals, plasticizers, repellents, insecticides,
solvents, perfumery, cosmetics, and antiviral and antimicrobial compounds [26–32]. Some
investigations have been carried out with the aim of assessing the economic viability of
performing resin-tapping operations [21,33–35].

The combustion heat and the calorific value of stump wood, tree crown components,
and assimilatory organs are relatively well known [36–38], and fluctuate depending on
tree species. For chestnut and pine, the crown fraction generates the highest energetic
values, and the wood produces the lowest. The calorific value per tree is lowest for chestnut
(17.419 MJ·kg−1), intermediate for Short-Rotation Coppice crops (18.185–18.419 MJ·kg−1),
and highest for maritime pine (19.336 MJ·kg−1) [38]. This is caused by the higher lignin and
resin contents in coniferous species. These results are consistent with the trends observed by
Telmo [39], who reported higher energetic values for different pine species than for native
broad-leaved and autochthonous species in northern Portugal. Wood extractives such as
resin, waxes, oils, tannins, and other phenolic substances also have much higher heating
values than cellulose and hemicelluloses, and they are abundant in the wood of coniferous
species [40]. The contents of terpenes and oleoresins significantly affect the energetic values
of “lignocellulosic fuels”. Furthermore, Howard [41] has calculated the higher heating
values of resin as 15,000 to 16,000 btu/lb (34.890–37.216 MJ·kg−1), but the variation in the
results was large, as the resin samples were semiliquid and rather inhomogeneous. In a
follow-up on the inquiries stated, this work examines the properties of tree resin and its
potential for use as a renewable energy source.

Problems

Resins are macroergic solids (high energy), formed in a manner similar to the essential
oils in specific resin canals. Physiological resin is formed by the metabolic activity of
trees, and pathological resin is mainly produced as a result of damage to the trees. The
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amount and composition of the resin in various types of wood depends largely on the
biochemical taxon of individual species, environmental effects [42], geographic origin [43],
local conditions [44,45], etc.

Significant differences in the composition of resin were found not only between
different coniferous trees, but also between trees of the same species [46]. Differences
were found between the physiological resin composition coming from a healthy tree and
the pathological resin flowing from the bark of the injured tree (similar designations: a
constitutive and induced resin). Pathological resin consists substantially of terpenes and
resin acids, it is fat-free, it provides excellent resin after distilling turpentine, and it is also
referred to as callus resin [47]. The resin obtained by extraction from harvested wood
cannot also be considered as physiological in origin, because the solvents used are not
indifferent to the oleoresin or to its constituents, and the resin obtained by extraction is
chemically modified. From a chemical point of view, the oleoresin obtained from growing
trees is, therefore, more acceptable and represents a more appropriate approach.

The importance of an energy analysis of dendromass components, oleoresin in this
case, is important for obtaining information on their living nature and their high content
in some woods. Due to their high energy value, these findings play an important role, for
example, in selecting the biochemical taxon of trees, which ensures the highest possible
production of energy biomass at energy forest plantations [48,49].

Generally, four pine resin-tapping techniques are used worldwide. The most effective
is the American method (Figure 1, an improved V-shape) [50], often referred to as the bark
streak method [51].

Figure 1. American pine resin tapping techniques (V-shaped streaks (2–3 mm wide)). Cut into xylem.
Source: [52].

Nowadays, it is well established that tree resin properties depend on key factors,
and mainly on climate conditions [53,54], the genetic background, and the environmental
effects [42,55]. Additionally, the quality and quantity of resin and its by-products can be
influenced by age [56], geographic origin [43], and different stresses, such as low-fertility
soils [57], drought [44,58], extreme temperatures [59–61], and the hydrological impact [62].
Further, resin production can be modulated by resin-tapping methods [50], associated with
chemical stimulation treatments [63].

423



Sustainability 2022, 14, 3506

Although the history of the tapping and processing of tree resin dates back to the 18th
century, energy values, such as the combustion heat and calorific values, are rarely stated
for a macroergic substance such as oleoresin. Absent or incomplete findings prompted us
to conduct an energy review of the resin of the most economically important conifers in the
Central European region: spruce (Picea abies (L.) H. Karst), pine (Pinus sylvestris L.), and
larch (Larix decidua Mill.) trees. The main goal of this work is to determine the combustion
heats of the oleoresins of these trees, and to compare them with those of further tree wood
components. Knowing the energy levels of these substances is important because biomass
currently forms the basis of renewable energy sources and forest ecosystem services in
Central European conditions.

2. Materials and Methods

2.1. Sampling Material

The resin samples were taken by a modified streaking method from spruce (Picea
abies (L.) H. Karst), pine (Pinus sylvestris L.), and larch (Larix decidua Mill.) trees growing
on the Cernova research area (3,3 ha), nearby Ruzomberok (A: 49.101501 N, 19.236523 E,
B: 49.100178 N, 19.236632 N, C: 49.100344 N, 19.239303 E, D: 49.101986 N, 19.239519 E), at
an altitude of approximately 490 ± 90 m asl., and were transported to the laboratory and
stored in a freezer prior to energy determination analyses. The tree bark was cut with a
groove knife into the sapwood (a modified V-shaped streak), and the resin flowing from
there was later collected with attached cups. The resin obtained in this way is not actually
physiological resin. However, it is more suitable than that obtained from harvested timber
by chemical extraction.

To compare the energy of the resin obtained by the streaking method, a resin compo-
nent from pulp production, known as turpentine, was used. This is essentially a mixture
of resins. The measured energy values of the resin were further compared with the basic
constituents of the dendromass, such as bleached and unbleached cellulose and turpentine.
These wood constituents were obtained from Mondy SCP, Ltd. (Ružomberok, Slovakia), a
pulp and paper complex in Ruzomberok.

2.2. Assessment of Energy—Calorimetry

Approximately 1.0 g of liquid samples was weighted on the Denver Instrument
SI-234 scale with a precision of 0.0001 g and placed into a 3 mL metal crucible. After
weighing, determination of the combustion heat was accomplished in an adiabatic bomb
calorimeter (Model IKA Calorimeter C400). The resin sample was completely incinerated
at 3.0 ± 0.3 MPa in a pure oxygen environment. The heat emitted during incineration
was transferred to the calorimeter fluid, whereby the heat capacity for each calorimeter
was specified. From the difference in temperature (ΔT) between the initial condition and
after incineration, the level of energy released from the sample material as well as the
combustion heat was calculated by the respective equation [64]. At least one replicate
determination was carried out for each resin sample.

2.3. Statistical Evaluation

The data determined were tested for normality using the Kolmogorov-Smirnov test
and the SPSS statistical packet. The normal distribution of the combustion heat data of pine
and larch was confirmed by the p-values of 0.141 and 0.200. In the spruce data, the first two
values were outliers, and the data did not meet the normality presumption (p = 0.026). No
significant differences between the combustion heat values determined for pine, spruce,
and larch were indicated by the non-parametric Kruskal-Wallis test (p < 0.509). Statistical
parameters of combustion heat values for pine (Pinus sylvestris L.), spruce (Picea abies (L.) H.
Karst), and larch (Larix decidua Mill.) are stated in Table 1.
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Table 1. Statistical parameter of combustion heat of tree resin (MJ·kg−1).

Pine Spruce Larch

Minimum 36.00 34.60 36.30
Maximum 40.10 40.00 39.70

Range 4.10 5.40 3.40
Mean 38.60 38.37 38.33

Stand. error 0.30 0.35 0.23
Stand. deviation 1.30 1.53 0.99

Variance 1.70 2.33 0.97
Skewness −0.65 −1.51 −0.57
Kurtosis 0.52 2.05 0.52
Number 19.00 19.00 19.00

3. Results

The renewable biomass resources studied in the past for energy purposes comprise
many herbaceous and woody plants. In the composition of the wood, the main components
account for 97–98% (saccharide—cellulose 49%; hemicellulose 24%; aromatic—lignin 24%),
and the accompanying components account for 2–3% (e.g., resin). This work focuses on the
tree resin.

The results of the energy analysis are presented in terms of the combustion heat val-
ues of the resins from Pinus sylvestris L., Picea abies (L.) H. Karst, and Larix decidua Mill.
(Figure 2), as well as the pulp, an intermediate in wood production, and turpentine, a
component of the resin (Table 2). For the other components of tree biomass, the energy
parameters are relatively well known [37,65]. The heat values of pine, spruce and larch are
quite high, and tree resin is probably the substance with the highest energy content out of all
tree components in plants. The mean combustion heat values of pine, spruce, and larch are,
respectively, 38.591 ± 1.307 MJ·kg−1, 38.373 ± 1.521 MJ·kg−1, and 38.326 ± 0.975 MJ·kg−1.
The differences between the combustion heat values of pine, spruce, and larch are statisti-
cally insignificant (p < 0.509).

Figure 2. Resin combustion heat of pine, spruce, and larch. n = 19.

Table 2. Resin combustion heat of bleached and unbleached pulp and of turpentine.

Component of Wood Combustion Heat (MJ·kg−1) Ash (%)

Bleached pulp 17.319 ± 0.025 1.29
Unbleached pulp 15.955 ± 0.036 8.21

Turpentine 39.773 ± 0.027 2.83
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The resin energy values measured were further compared with cellulose associ-
ated with paper production, and can be supposed to be a by-product. The readings
of bleached pulp (cellulose) produced by the Kraft sulfate process may serve as the en-
ergy reference standard for tree biomass. The mean combustion heat values of bleached
(17.319 ± 0.025 MJ·kg−1) and unbleached pulp (15.955 ± 0.036 MJ·kg−1) (Table 2) are 2.2
and 2.4 times lower compared to the lowest value of the investigated tree resin (larch
38.326 ± 0.975 MJ·kg−1).

The combustion heat of turpentine (39.773 ± 0.027 MJ·kg−1), a constituent produced
as a by-product in the sulfate technological procedure, is 2.3 and 2.5 times higher than those
of white and brown pulp. This figure is even slightly higher than that of tree resin, and
this may be due to the different representations of the volatile components of turpentine
(Table 3; Figure 3).

Table 3. Composition of turpentine.

Constituent Content (%)

Dimethylsulfide 25.54
Dimethyldisulfide 0.14

α-pinene 36.28
Camphene 0.72
β-pinene 9.74
Myrcene 0.15
δ-3 carene 9.34
P-cymene 0.29

D-limonene 2.70
α-terpinene 0.93
Γ-terpinene 0.18
Terpinolene 0.94

Unidentifiable 3.95
Unidentifiable (heavier than terpinolene) 9.1

Method: Gas chromatograph—Agilent 7890A Yield and technical characteristics of the tapping operations.

Figure 3. Monoterpene concentrations in turpentine and oleoresin of Pinus sylvestris L. (oleoresin
values taken from [52]).

The properties of oleoresin are determined mainly by the proportion of volatile
monoterpenes. The ratio of volatile to non-volatile components affects the physical and
defensive properties of oleoresin. The volatile and more fluid components of resin enable
the movement of the more viscous non-volatile components. The non-volatile di- and
triterpenoid or phenolic components increase the viscosity and rate of crystallization of the
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oleoresin. These properties affect the rate of resin flow and the ability of the resin to trap
and immobilize enemies or coat wounds in tree trunks, which has been considered a first
line of tree defense [10].

In this work, the analysis of the representations of turpentine components was per-
formed, and the concentrations measured were compared to those in the oleoresin of Pinus
sylvestris L. (Figure 3). The highest levels in turpentine were recorded for α- and β-pinenes
(together making up 46% of the total content), but were still lower than that of oleoresin
(62%). Δ-3-carene and D-limonene were in the range of 3–10%. Further resin constituents
observed were below 1%, namely, terpinolene, camphene, α- and γ-terpinene, p-cymene,
and myrcene. Although turpentine is prepared by a distillation process, its composition
is rather similar to that of the oleoresin of Pinus sylvestris L. [52]. A similar composition
of monoterpenes was found in needles and cortical oleoresin [66]. In needles, the major
constituent was β-pinene, and it was α-pinene in the latter. In general, the content of
monoterpenes in needle oleoresin decreases from winter to summer, while the concen-
tration of sesquiterpenes increases. In cortical oleoresin, the case was the reverse. This
descending trend of monoterpene concentrations in needles was most likely caused by their
ascending release into the atmosphere, with an increasing temperature up to the summer
period. The monoterpene content, which represents the main components of the natural
emission load, has its own effect on the course of global warming.

Furthermore, the combustion value of resin was compared to that of the tree wood.
The combustion heat of tree wood irrespective of tree species ranges from 18.000 to
20.000 MJ·kg−1 [67]. Similar results were stated for softwood [38,68]. The lowest value
was found in eastern white cedar branches (18.668 MJ·kg−1) and the highest was found
in black spruce treetop (21.562 MJ·kg−1); the mean value of all softwood components is
20.178 MJ·kg−1. For the hardwood, the span is wider—the lowest value is 17.230 MJ·kg−1

in Manitoba maple foliage, and the highest one is 2l.119 MJ·kg−1 in White birch foliage; the
mean of all components is 19.146 MJ·kg−1. An even wider span of values was given [69]
in a statistical summary of the calorific values of 402 species of wood of 246 genera, and
66 species of bark of 33 genera, based primarily on literature surveys. The calorific values
range from 15.584 to 23.723 MJ·kg−1 in hardwood and from 18.608 to 28.447 MJ·kg−1 in
softwood. Excluding the highest values in softwood, the resin combustion heat is almost
twice as high as that of wood.

In the case of refined liquid hydrocarbon fuels such as petrol or diesel, the mean energy
value of conifer resins is close to the lower end of the combustion heat range of diesel
(about 41.900 MJ·kg−1) and petrol (43.500 MJ·kg−1). However, the maximum measured
value of pine resin combustion heat (40.109 MJ·kg−1) is only 5% lower than hydrocarbon
fuel’s combustion heat (1.8 MJ). High-calorific solid fuel such as coke registered only 70%
of the heating value measured in the pine resin. Black coal achieved only 65%, and brown
coal achieved only 36%.

4. Discussion

The use of renewable energy sources is becoming increasingly important to achieving
the changes required to address the impacts of global warming. In the context of current
European Union policy, woody biomass is expected to be an important energy resource
in the near future. Up to now, tree biomass has been investigated mostly for the energy
utilization of tree body components, such as the branches and stumps of broadleaves and
conifers [37,68]. However, several studies have specifically focused on the enhancement
of the fuel characteristics of woody biomass, such as wood density, volatile matter, the
calorific value of wood [70], the fertilization of Picea abies stands [71], landscaping, and
bioesthetic planning [72]. Further, the individual constituents of tree resin, such as rosin
and turpentine, have been studied [73–75]. However, only a limited number of studies
have focused on a macroergic material such as tree resin.

This paper reveals that the combustion heat values of pine, spruce, and larch are
38.591 MJ·kg−1, 38.373 MJ·kg−1, and 38.326 MJ·kg−1, respectively, and the difference be-

427



Sustainability 2022, 14, 3506

tween figures is statistically insignificant (p < 0.509). The analysis of the energy components
of the wood biomass shows that the combustion heat of oleoresin (Figure 2) is higher than
that of bleached cellulose (2.2-fold) and unbleached cellulose (2.4-fold). Only the calorific
value of turpentine is higher, by 4%, but the percentage of turpentine in spruce wood is
only 0.1–0.2%. The resin content of the tree’s wood is more than 1–2%.

Similar results, albeit showing large variation, were recorded by Howard [41]
and Ivask [76]. While Howard [41] reported lower heating values in a range of
34.89–37.22 MJ·kg− in tree pine resin, Ivask [76] recorded higher values in spruce resin,
namely, 40.10 ± 0.62 MJ·kg−1. These differences in energy values in tree resin can be
explained by differences in the ratio of cellulose and lignin [41], by topographical [77],
ecological [78], seasonal [79], and environmental aspects, and naturally by the conditions
and methods of determination. The variation in values [41] was large, as the samples were
difficult to mix thoroughly, and were therefore not homogeneous. Ivask [76] predominantly
investigated the influence of seasonal aspects, as well as the local and climatic conditions,
on the energy parameters of tree wood components. Spruce tree resin combustion heat
was determined in only six samples, and the author [76] himself admitted that a random
estimate of calorific values yields very little information.

Although oleoresin is obtained by tapping in small quantities, it takes place over
almost the entire year, and can be obtained from a living tree. The quantity and quality of
the oleoresin are also determined by a tapping process. Resin sampling from pine trees has
occurred since the mid-19th century [80]. However, it is necessary to mention that, since
the 1980s, there has been a decline in oleoresin sampling due to lower purchase prices. This
decrease in price was caused by the advent of cheaper competing commodities produced
from crude oil. However, nowadays, oleoresins with high calorimetric values might return
in economies that utilize green biofuels and bioproducts from non-food feedstocks [81].
There are four methods of oleoresin tapping; the American method is the most effective
and provides 2.5 times the yield of the Chinese method (Table 4). The largest quantities of
resin have been tapped from pine trees.

Table 4. Yield and technical characteristics of the tapping operations. The values are valid for
pine trees.

Location Brazil China

Tapping Technique American Chinese

Density (trees/ha) 800 700
DBH (cm) 25 15

Season (months) 9 5.6
Years in production ~20 5 to 7

Yield per time (g/day) 19.7 11.2
Trees tapped per worker 7000 1500

Hectares tapped per worker 8.75 2.18
Metric tonnes produced per worker 35 3

Pine resin (kg/year) 5 2
Legend: Modified table [50].

The American sampling method provides 5 kg of resin per year under optimal con-
ditions. This amount fluctuates according to local conditions; for example, in Portugal,
this amount was reduced by almost half [82]. Some investigations have been carried
out with the aim of assessing the economic viability of performing resin-tapping oper-
ations [21,33–35]. However, the highest increase in extractive contents in Pinus elliottii
biomass was achieved by using a 2% paraquat-cation stimulant [83]. In the low 152 cm
bolt, there was an 884% rise in resin acid amounts and a 2360% rise in turpentine values,
and these values underwent 273% and 684% increases, respectively, in the whole stem. By
applying a 2% paraquat-cation stimulant in the American tapping method, the yield might
be as much as 18.65 kg of oleoresin per pine tree. Per hectare, this yields a total amount of
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14,920 kg (575.78 GJ). Increasing resin production occurs with damage to the health status
of the sample trees.

Tapping, irrespective of the method employed, causes intensive wounds in tree stems,
leading to wood deformation. Tapped trees, compared to non-tapped ones, after one
tapping, show a decrease in mean tree ring width by 14.1% (an average tree ring width
of 2.41 ± 0.85 mm was reduced to 2.07 ± 0.7 mm), but this decrease is only by 6% in
late wood [84]. Decreases in the volume of the wood are visible; however, this damage is
negligible compared to the energy that is stored in the tapped resin.

Due to its diverse applications, the Pinus genus is considered one of the most im-
portant commercial timber species [85]. Today, it is well established that resin properties
depend mostly on factors such as genetic background and environmental effects [42,55]. Its
low technical requirements for planting [19] make Pinus one of the most suitable woody
species for cultivating and restoring marginal areas, as well as abandoned and degraded
agricultural lands [86].

In the 2015–2030 period, incremental abandonment is expected to reach 4.2 Mill. ha
net (approximately 280,000 ha per year on average) of agricultural land, bringing the total
abandoned land to 5.6 Mill. ha by 2030 (3% of total agricultural land). Arable land is
projected to account for the largest share of abandoned land (4.0 Mill. ha; 70%), followed
by pasture (1.2 Mill. ha; 20%) and permanent crops (0.4 Mill. ha; 7%). Nearly a quarter
(≈1.38 Mill. ha) of all agricultural areas in mountainous areas in the EU will probably be
abandoned [87]. This supposes that half of the abandoned agricultural land in mountainous
areas (700,000 ha) will be afforested, and pine oleoresin will be tapped from an adult pine
stand growing on this land. The pine oleoresin collected by the American method using a
2% paraquat-cation stimulant over one year will yield an energy value of 403.044 PJ, which
would provide 0.82% of the fossil coal energy and 0.24% of the total energy (160–180 EJ)
required worldwide (as of 2018). This energy is produced by more than 15.5 Mt of coal,
with each metric tonne of coal producing 1700–1800 m3 of CO2, thus exacerbating the
problem of global warming [88]. If this coal is replaced by tapped resin via the combustion
process, the atmospheric load will be reduced by 27.1 Gm3 CO2, i.e., 53.7 Mt, as its origin is
not fossil fuel (Table 5).

Table 5. Resin and carbon dioxide quantities associated with a 700,000-ha pine forest stand.

Area Resin Tapped Over One Year C Sequestered by Pine Trees CO2 Released from Coal (Equivalent of Resin Amount)

(ha) (Mt) Q (PJ) (Mt) (Gm3) (Mt)

700,000 10.444 403.044 1.179 27.128 53.700

Legend: 4.320 Mt CO2 is equivalent to 1.179 Mt C; ρCO2 = 1.98 kg m−3; mcoal =
(

Qresin
Qcoal

)
∗ 10.444 = 15.5 (Mt).

Further, forests have also been recognized for the other services they offer, such
as the ability to store carbon and mitigate the impacts of climate change [89]. Forest
plantations are beneficial in mitigating climate change and reducing airborne emissions
only through stringent management. A 700,000 ha Pinus sylvestris plantation with a net
ecosystem exchange (NEE) rate of 1.684 t C ha−1 yr−1 sequesters 1.179 Mt of carbon per
year (4.320 Mt CO2). A NEE rate of 1.684 t C ha−1 yr−1 converges with the average annual
increase in C in a Scots pine stand equaling 1.234 t yr−1 (105.42 t/85.46 years) [90]).

Although the aforementioned example of afforestation is only theoretical, it reveals
the possibilities of oleoresin utilization in the environmental field. All constituents of
biomass are photosynthesized in plant leaves from CO2, water, and absorbed solar energy.
A specific feature of biomass is that its combustion produces the same amount of the
greenhouse gas that was absorbed during photosynthesis. Biomass is neutral in terms of
CO2 emissions. The establishment and management of forests as a source of oleoresin also
supports the removal and storage of CO2 from the atmosphere, and offsets the increase
in the anthropogenic emissions of greenhouse gasses (GHGs), consequently reducing the
rate of global warming and mitigating the impacts of climate change [52,89]. A plantation
system is a good means of climate change mitigation [91,92].

429



Sustainability 2022, 14, 3506

Generally, according to the essence of the production processes, feedstocks are clas-
sified as first-, second-, or third-generation. Oleoresin, by its lignocellulosic nature, can
be assigned to the second generation of feedstocks. Third-generation feedstocks are pro-
duced from algae, sewage sludge, and municipal solid waste (this is omitted) [93]. The
prices of these feedstock generations differ. First-generation feedstock supply is supposed
to be available at production costs of EUR 5–15 GJ−1 compared to EUR 1.5–4.5 GJ−1 for
second-generation feedstocks [94]. The production cost of first-generation feedstocks
is approximately triple that of the second-generation ones. The difference is slightly
smaller between the cost of residues in agriculture and forestry (EUR 1–7 GJ−1 and EUR
2–4 GJ−1, respectively).

For the 2008–2011 period, the production cost of oleoresin was nearly double that
of lignocellulosic crops, i.e., USD 0.2–0.4 kg−1 ≡ EUR 4.6–9.2 GJ−1 [95]. However, when
oleoresin tapping was carried out by the American tapping method with an application
of a 2% paraquat-cationic stimulant, the production cost was significantly reduced. If we
take into account the ratio between the energy stored in oleoresin tapped from 1 ha of pine
stand (575,78 GJ yr−1) and that stored in wood from 1 ha of SRC of willow (172 GJ yr−1),
the oleoresin production per unit amount is the cheapest, at EUR 1.3–2.75 GJ−1 (Table 6).
Further investigations are needed to demonstrate this.

Table 6. Comparison of energy values of renewable energy sources.

Species
Yield Heating Value Energy per Hectare Production Cost

(t) (MJ kg−1) (GJ) (MWh) (€/GJ)

Feeding (a) sorrel 10.0 16.00 160.00 44.44
1.5–4.5Common (b) reed 12.7 17.45 221.60 61.56

Miscanthus (c) 14.0 17.60 246.40 68.45

Pine resin (d) 14.9 38.59 575.80 159.94 1.3–2.75

Legend: (a) a hybrid of Rumex patientia L. (maternal line) and Rumex tianschanicu (paternal line) species [96];
(b) Phragmites australis (Cav.) Trin. [97]; (c) Miscanthus gigantheus [98]; (d) Pinus sylvestris.

Biofuels are a potentially low-carbon energy source, but whether biofuels offer carbon
savings depends on how they are processed [92]. Tree resin has been proven to be an
excellent renewable energy source that has not yet been used for this purpose. Compared
to previously investigated energy sources, resin has the highest energy content per hectare
(Table 6). The production of oleoresin is not the primary goal, but the volume of the
greenhouse gas CO2 will be reduced with afforestation; consequently, the rate of global
warming will be dampened. Afforestation associated with the conversion of marginal
agricultural or forestry lands to purpose-grown crops is an important practice used to
lower the rise in atmospheric CO2 concentration, due to a forest’s ability to fix carbon in
tree biomass and in soil [52,99,100].

While wood reduction in forests requires the removal of woody biomass, utilizing
it for power generation reduces overall emissions by 98% in comparison with slash pile
burning [101]. Energy production in the forest is more environmentally friendly. For
example, regrowth energy in a forest stand generated from wood leads to a production of
0.057 metric tonnes of CO2e per MWh, compared with the average US rate of 0.60 metric
tonnes of CO2e per MWh [102]. Striking relations also exist between the annual amounts
of carbon sequestered by a pine stand, the resin tapped from pine trees by the American
method, and the carbon dioxide released from coal with the same energy content as tapped
resin (Figure 4).
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Figure 4. Quantities of net ecosystem exchange (NEE) C accumulated in stand, oleoresin obtained
from a pine trees stand and CO2 from coal (energy equivalent to resin tapped over one year;
700,000 ha).

The lowest amount was recorded for NEE carbon sequestered by a tree stand. The
extracted resin and the released CO2 held, respectively, 9 times and 45 times the quantity of
the carbon sequestered. This means that 1 tonne of oleoresin corresponds to approximately
5 tonnes of CO2. If the oleoresin is burned as a renewable energy source instead of coal, the
emission load in the atmosphere would be reduced by roughly 5 tonnes of anthropogenic
CO2. (This is valid provided that CO2 generated from oleoresin is environmentally neutral)

Tree resin production is directly related to bioeconomic issues. The bioeconomy
may be conceived as a prime way of engaging with ecological modernization, i.e., eco-
nomic and technological modernization that seeks to address perceived environmental
issues [103–105]. The bioeconomy may well be an inevitable transition if fossil resources are
to be phased away [106]. The bioeconomy is attracting interest as a conceivable win–win
solution for green growth. The European Bioeconomy Strategy supports the production
of renewable biological resources and their conversion into vital products and bioenergy
in order to satisfy the 2030 Agenda and its Sustainable Development Goals [107,108]. It
represents a wide range of opportunities for sustainable development in bio-based indus-
tries [109,110], which encompass various sectors, including agriculture and forestry.

The bioeconomy aims to substitute fossil resources with bio-based alternatives, such
as tree resin applications for energy. This energy utilization can be evaluated by the socio-
economic indicator of the bioeconomy (SEIB) [111]. The circular economy (CE) concept
aims to reduce resource use and consumption, favoring reuse and recycling activities and
aiming to minimize waste and emissions (environmental risks). To make progress toward
the CE, it is essential to prepare accurate estimates of the environmental/economic and
ethical dimensions of proposals to support this transition. So far, among the potential
energy forms to be derived from biomaterials, biogas is of the greatest significance due to
its ability to transform organic feedstocks into biomethane (CH4).

The bio-CH4 potential of several European cities was estimated, and a large share of
this potential can be used as vehicle fuel and can therefore help the European Union (EU) to
achieve its Paris Agreement commitments within the transport sector [112,113]. Currently,
the transport sector is responsible for a third of the global energy demand, and one-sixth of
global GHG emissions. [112,114]. This sector is currently dominated by the usage of fossil
fuels in Europe. The experiment with bio-CH4 yielded the following.

The production of bio-CH4 in Portugal would only be profitable under potential
government incentives in the form of feed-in premia above 15.42 EUR.GJ−1

(55.5 EUR.MWh−1) [115]. Selling CO2 for a price of 46 EUR.t−1 CO2 would also be prof-
itable. In 2017, a total of 1.94 × 109 (American billion) cubic meters of bio-CH4 was
produced in Europe. In 2050, the European biomethane potential will be 95 × 109 cubic me-
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ters [116,117]. This bio-CH4 production, showing a trend of 50-fold enlargement from
2017 to 2050, indicates the possible energetic use of tree resin due to its price. The
bio-CH4 production cost is approximately five times the cost of tree resin production
(1.3–2.75 EUR.GJ−1). The application of tree resin for energy utilization is associated
with environmental issues, and may have social utility in such cases as in southern
Brazil [110,118–120].

The objective of the 2015 Paris Climate Agreement is to hold average global warming
to well below 2 ◦C above preindustrial levels. While this objective is formulated at the
global level, the success of the agreement depends on the implementation of climate
policies at the national level. Each country submits nationally determined contributions
(NDCs) [121]. In the EU, in order to achieve conditional NDCs, greater reductions are
necessary than those achieved by national policies only. The implementation of conditional
NDCs (NDC scenario) is projected to result in 51.9 (50.4–57.4) GtCO2eq GHG emissions by
2030 [121]. When tree resin tapped from 700,000 ha over one year (the previous example)
was used for heat purposes, 0.1% of the 51.9 Gt CO2 would be reduced. For a period
of 15 years, it would be 1.55%. The same is valid for the year 2050. Several means to
achieve an 80% reduction in GHG emissions, implying an 85% decline in energy-related
CO2 emissions (including those from transport), have been examined (Table 7). This is
where the oleoresin application seems appropriate—it relates to reduced GHG emissions
and to improved energy efficiency.

Table 7. Plans to reduce greenhouse gas emissions into the atmosphere, to increase the use of
renewable energy sources and to improve energy efficiency by 2050.

Parameters Examined 2020 Climate and Energy Package [122,123] 2030 Climate and Energy Framework [124] Energy Road 2050 [125]

Cut in GHG from 1990 levels 20% 40% 80%
EU energy from renewables 20% 32% 66%

Improvement in energy efficiency 20% 32.5 75%

The use of tree resin for energy is only possible through stringent bioeconomic management. Its benefit is to
reduce the additional load of CO2 into the atmosphere, as aforementioned. On the one hand, oleoresin combustion
is associated with the release of neutral CO2, and on the other hand, the abandoned and degraded land is used for
the afforestation of new forest stands that accumulate CO2 for at least one rotation. However, the technological
processing of the resin needs to be developed.

5. Conclusions

This paper focuses on the energy value (calorific or heating value) of certain compo-
nents of the tree biomass of pine, spruce, and larch. The energy parameters of the trees
examined were determined by calorimetry. The components of wood pulp (bleached
and unbleached) and turpentine were obtained from the pulp and paper processing plant
Mondi SCP (Slovak Cellulose Paper mill), Ltd. in Ruzomberok. Samples of tree resin
were taken from V-shaped wounds carved in the bark of trees growing on the Cernova
research stand nearby Ruzomberok. The mean combustion heat values of the tree resins
(pine: 38.591 ± 1.307; spruce: 38.373 ± 1521; larch: 38.326 ± 0975 MJ·kg−1) are not statis-
tically different from each other. However, these values are double the heating value of
forest tree wood and its components.

The combustion heats of bleached pulp (cellulose) produced by the Kraft sulfate
process are supposed to be the reference standard for tree biomass. The average combustion
heats of bleached (17.319 ± 0.025 MJ·kg−1) and unbleached (15.955 ± 0.036 MJ·kg−1) pulps
are 2.2 and 2.4 times lower than those of the investigated tree resin samples. The highest
energy value was recorded for turpentine (39.773 ± 0.027 MJ·kg−1), but its technical
processing is considerably more complicated than that of the resin.

The quality and quantity of oleoresin was influenced by tapping. The American
method was best, providing 5 kg of oleoresin per tree over one year. However, by using the
paraquat-cation stimulant, this amount was enhanced to 18.65 kg of oleoresin per tree over
a year; thus, a 1 ha pine stand provides 14,920 kg.
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Tree resin was shown to be an excellent renewable energy source that has not yet been
used for this purpose. Compared to the previously investigated energy sources (feeding
sorrel: 160 GJ ha−1; common reed: 221.6 GJ ha−1; Miscanthus gigantheus: 246.4 GJ ha−1),
pine resin, with 575.8 GJ ha−1, showed the highest energy content per hectare.

The production price of oleoresin was compared to that of other feedstocks. The
production cost of first-generation feedstocks is triple that of second-generation ones
(EUR 5–15 GJ−1 compared to EUR 1.5–4.5 GJ−1). When using a 2% paraquat-cation stimu-
lant, the production cost of oleoresin is the lowest (EUR 1.3–2.75).

The potential contribution of forest expansion to the sequestration of carbon and
the utilization of renewable forest resources is well known. The tapping of resin and the
expansion of its industrial uses can further enhance the carbon sequestration potential
of forest resources and expand the forest ecosystem services. An average NEE rate of
1.684 t C ha−1 yr−1 was calculated at three geographic locations (lat. from 42◦ N to 62◦ N).
If one tonne of oleoresin was burned instead of the energy equivalent amount of coal, the
atmosphere would be spared more than 5 Mt CO2.

The use of oleoresin for energy is only possible through stringent bioeconomic man-
agement. The circular economy aims to reduce resource use and consumption to minimize
emissions. So far, among the potential energy forms derived from biomaterials, biogas is
of the greatest significance. However, its production is only profitable under government
incentives (15.42 ERU.GJ−1), which is about five times the cost of tree resin production.
The application of oleoresin for energy use is also associated with environmental security,
and has a social role. It can also be helpful to reduce CO2 GHG emissions and improve
energy efficiency.

Tree oleoresin, as a macroergic substance, approaches the heating parameters of liquid
hydrocarbon fuels such as oil and petroleum products. Therefore, oleoresin can play an
important role in the supersession of fossil fuels. Resin quantity and quality might be
controlled by selecting suitable tree taxa of high oleoresin content, or its energy content
in a tree can be increased by applying a suitable stimulant. The aim of this work is the
cultivation of energy-modified biomass, a revolutionary shift in the production of renewable
energy sources.
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