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Technology is setting strategic directions for change in the economy and industry.
Among the global forces that we are currently observing and that will have the greatest
impact on the shape of the world economy in the coming years are Industry 4.0, the
circular economy model, sustainable finance, the talent market, the “silver economy” and
electromobility. These affect and will affect for many years the course of many processes
such as production, consumption, investments and environmental protection activities. The
health of the fuel and energy sector affects economic development around the world. New
technologies in the energy sector and the management of its development together with
the dynamically changing environment, as well as care for sustainable development and
energy security, make the power industry and the automotive industry the most important
sectors of the economy, and their dynamic development has been observed for many years.
Both conventional energy and motorization are the largest source of gas emissions into the
atmosphere. The financial burden for exceeding permitted emissions, as well as public
awareness, forces this to change.

The objective adopted by the European Union to reduce greenhouse gas emissions
by 55% by 2030 and achieve full climate neutrality by 2050 means that the market for
alternative energy sources must be developed dynamically. The regular increase in the
share of renewables in the global energy mix for many years indicates that many public
and private institutions are making efforts to decarbonize the economy. As a result of
intensified energy transition efforts and the introduction of the so-called European Green
Deal, entirely new ecosystems and new technologies are emerging. Various alternatives
are being explored to reconcile economic growth with care for the environment. Product
Life Cycle Assessment and the Closed Circuit Economy are helping to unleash innovation
and technological progress. Ambitious climate neutrality goals cannot be achieved without
alternative, low or zero carbon, energy and fuel technologies. The intensity of changes
taking place in the fuel and energy sector, both at the regulatory and technological level,
forces the research community and scientists to carry out new, increasingly interesting
research. The pressures of energy transition present many challenges but also opportunities
for both economic, technological and scientific development.

It should be stressed that an important factor mobilising the search for new technolo-
gies, especially in the energy and transport sectors, is the progressive climate change closely
linked to greenhouse gas emissions.

The changes taking place are contributing to a dynamic transformation not only of
activities based on conventional fuels, but also to the development of renewable energy
sources. Many of the current moves towards decarbonization and climate neutrality present
science and business with previously unknown and unique challenges, opportunities for
transformation and growth. Decarbonisation means facing up to big changes. The way
we obtain, use, consume and generally think about energy and raw materials needs to
be revised. The current level of technological development and, above all, significant
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decreases in the costs of introducing the latest solutions facilitate the adoption of effective
decarbonisation strategies. Given the scale of the challenge to achieve full climate neutrality,
there is a need for commitment from the legislative side, from the scientific side, from
business and from public institutions implementing the solutions developed using all
current and future technologies and resources.

The Special Issue “Bioenergy and Biofuels” of the journal Sustainability was dedicated
to the publication of works on obtaining energy from biological sources. Obviously, bio-
based biomass contains mainly carbon and hydrogen and can be converted into various
types of fuel or burned directly to provide heat. From the composition of biomass, it
can be easily deduced that its combustion mainly causes the emission of carbon dioxide
and water. Carbon dioxide from biomass is assumed to have been absorbed from the
atmosphere during plant growth and will be reabsorbed. Therefore, it is not a source of
climate warming, and it only temporarily increases the concentration of carbon dioxide in
the atmosphere. This situation is the main reason for the use of plant biomass for energy
purposes. Due to the variety of applications, there are many technologies for obtaining
energy from biomass. New technologies for obtaining as well as technologies for converting
bio-based fuels into various forms of energy may also emerge. The use of renewable energy
sources is governed by a number of legal provisions on various aspects of the conversion
of biomass into fuels, the use of waste biomass, etc. All these aspects are reflected in five
published articles.

The first paper presents an analysis of the implementation of the Paris Agreement and
recommendations for the reduction of greenhouse gas emissions in the EU in relation to the
so-called countries of the Visegrad Group (V4), i.e., Poland, the Czech Republic, Hungary
and Slovakia. It analyses the structures of energy production, its consumption over the
years, and analyses the measures taken to improve energy efficiency.

The next article discusses the potential of wood fuel in the Swiss economy. It was
stressed that developing an energy transition and decarbonisation strategy requires consid-
eration of the different types of wooden biomass. The forecast of changes in the theoretical
and sustainable potential of wood fuel from various wood resources was presented indicat-
ing perspectives of growth of sustainable potential of wood based fuels in the not distant
future. However, the development of a circular economy and organization of the wood
industry may play an important role as a condition assuring this growth.

The next work is devoted to the study of the behaviour of biodiesel produced from
palm oil and its blends with petroleum diesel when burned in a test engine. It has been
shown that biodiesel has a higher cetane number than classic fossil fuel and is well suited
for engine propulsion, both in a pure state and in blends.

The research on the influence of the character of row wooden material as well as the
conditions of the agglomeration process of wood briquettes on their quality and mechanical
properties will be the subject of another publication. Here, a significant influence of all the
specified factors has been demonstrated and the optimal technological parameters have
been selected to obtain high quality briquettes.

The last article in this issue is a literature review on the use of microalgae farming as a
source of biomass for energy purposes. Despite the high potential of microalgae as a raw
material for the production of biofuels, a number of problems in breeding and sourcing
make it difficult to commercialize. The paper presents a number of solutions concerning
both biological aspects and the technology of obtaining oily substances and their further
processing. It should be mentioned that production of biofuels from organisms living
in water is important from the viewpoint of competition between industrial and food
products observed in land-based agriculture.

The Guest Editors of the Issue would like to express their thanks to the authors of the
articles for the high quality of the presented works.
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Abstract: The aim of this study was to analyse the feasibility of implementing the Paris Agreement
and the provisions regarding the goals of reducing greenhouse gas emissions in the EU through
Poland, the Czech Republic, Hungary and Slovakia, i.e., the so-called Visegrad Group States (V4).
The basis of the study was an in-depth analysis of the energy policies of the V4 countries, an analysis
of energy generation structures, its consumption over the years, and an analysis of measures taken
to improve energy efficiency. The analysis was performed as a function of the adopted targets for
reducing CO2 emissions by 2020, with a prospect for 2030 and 2050. In all the analysed countries,
the energy and heat production sectors were responsible for the highest carbon dioxide emissions.
Among the analyzed countries, only Poland failed to meet its commitments regarding the level of
greenhouse gas (GHG) reductions adopted by 2020. The achievement of further goals in this area,
despite the planned investments and undertaken actions, is also at risk

Keywords: international agreements; climate change; Paris Agreement; Visegrad Group; greenhouse
gas emissions

1. Introduction

After setting the Paris Agreement, the term “climate policy” undeniably has a new
dimension [1,2]. The agreement gives an innovative approach to climate protection issues
with ambitious goals and creates the obligations assumed by individual states [3,4]. It
is a comprehensive strategy that combines environmental issues with all sectors of the
economy, main players in every country [5,6]; this is the problem faced in the modern
world [7,8]. Therefore, integrated cooperation in energy, transport, construction, public
administration, and environmental policy in a given country is required for global warming
mitigation [9,10]. Closer cooperation between the various parties at the international level
is necessary [11]. The European Commission recommends exchanging scientific knowledge
on adaptation to climate change and information on behavior and strategy [12,13]. Com-
bating climate change should remain on the top of the political lists of priorities of relevant
international forums [14,15]. Another crucial thing is that after signing Paris Agreement,
the parties must have the reference point to calculate their emissions, and in most cases, it
is 1990.

The Visegrad Group (V4) is one example of strengthening international cooperation
in Central Europe recommended by the European Commission to implement the Paris
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Agreement [16,17]. The V4 community is a regional form of cooperation between Poland,
the Czech Republic, Slovakia, and Hungary [18,19]. Besides a close neighbourhood and
geopolitical features, the members of the V4 share a common history, culture, traditions
and religious and intellectual values that they wish to preserve and strengthen [20,21].
While being an important part of regional cooperation, the group constitutes an element
that strengthens the international position and is conducive to the social and economic
growth of the four states.

The energy crisis of 2009 showed the gas dependence of the Visegrad Group member
states [22]. Their domestic production is significantly less than what is needed to satisfy
sufficient supplies to consumers, and imports of gas and other forms of energy depend
primarily on Russia. While Poland’s foreign policy sought to ensure that Poland avoided
any cooperation with Russia, Hungary took steps to strengthen ties through economic
cooperation. At the meeting of prime ministers in Bratislava in May 2014, the Polish prime
minister expressed his negative stance towards the Hungarian partner, claiming that V4
cooperation is more than a symbolic representation of the common past and future and the
threat from Russia cannot be ignored [23,24].

The European Union was a leader in the UNFCCC (United Nations Framework
Convention on Climate Change) negotiations performed from 1997 to 2005. The details re-
garding the implementation of the Kyoto Protocol have been agreed upon by the countries.
Individual greenhouse gases (GHG) emission reduction targets for developed countries
were negotiated, and their entry into force was realized [25,26]. The EU plays an important
role in securing a successful outcome of this process: it played a protagonist role when the
United States decided not to ratify the protocol [27].

From the perspective of 2021, the existence of the Visegrad Group turned out to be a
mechanism for consulting the positions of the countries in the region before the proceedings
of the relevant bodies of the European Union. Within the Visegrad Group, Poland maintains
the status quo, simultaneously striving for the development of the Three Seas Initiative and
the Bucharest format. The most important issues of the recent period in Poland’s EU policy
were as follows: the adoption of the EU’s multiannual financial framework by the member
states as well as the issue of how to introduce carbon neutrality and, above all, the issue
of cost sharing of this process between all participants. The importance of these issues in
Poland is underlined by the decisions to establish a separate ministry for climate affairs
and the separation of European issues from the Ministry of Foreign Affairs. The other V4
countries are natural partners for Poland in the above-mentioned issues. Moreover, there
must be consent throughout the EU in both of these issues [28,29].

This manuscript is an attempt to analyse the implementation of obligations under the
Paris Agreement by the member states of the Visegrad Group, with particular emphasis on
the issue of Poland.

This study aimed to (1) analyze the possibility of fulfilling the Paris Agreement by the
Visegrad Group countries (V4); (2) to examine strategies of using by each country of key
energy resources; (3) to scrutinize sectors with the largest emission of carbon dioxide in V4
Group, and (4) to show recommendation for European Union and each country of V4 to be
on a pathway below 2 ◦C temperature increase.

The study was based on official reports on CO2 emissions and obligations resulting
from the signed agreements on its reduction.

The multi-threaded research was carried out by analysing not only changes in the
structure of emission sources and energy efficiency issues over the years, but also current
and future activities aimed at the fulfillment of international agreements in individual
V4 countries.

2. Review of Energy Policies of Member Countries of the Visegrad Group

Fossil fuels dominate the Polish energy sector [30]. The country also has the least
diversified energy mix in the EU [31,32]. The role of coal in the Polish economy was
defended by all governments after 1989. In Poland, the total global energy consumption in
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2019 amounted to 4405.8 PJ [33]. This figure slightly differs from the European average.
Gross domestic energy consumption per capita in Poland in 2018 amounted to 117.7 GJ
(in 2017: 115.9 GJ), with the EU average amounting to 136.0 GJ. An increase in global
consumption in 2019 compared to the previous year was observed in the case of crude oil,
natural gas, renewable energy and other carriers, and a decrease—in the case of hard coal
and lignite. The share of hard coal was 37.0% (in 2018: 40%, in 2017: 40%), lignite 9.1%
(in 2018: 10.5%, in 2017: 11%), crude oil 26.3% (in 2018: 25.6% in 2017: 24.6%), natural gas
16.1% (in 2018: 15%, in 2017: 14.8%), renewable energy carriers 9.3% (in 2018: 8.2%, in 2017:
8.1%), and the remaining 2.2% (in 2018: 0.7%, in 2017: 1.5%).

The most important acquired energy carrier in 2019 was hard coal, with a share of
56.2% (57.9% in 2018, 57.9% in 2017). In 2019, over 61.6 million tons of hard coal were
mined in Poland (1.8 million tons less than in the previous year). The second largest carrier
was lignite with a share of 15.2% (18.1% in 2018, 18.7% in 2017). More than 71% of coal
is used to produce heat and electricity [34]. However, Poland depends on the import
of this energy carrier, as its domestic production of coal is small [35]. The share of hard
coal and lignite in total consumption decreased by 12.8% in 2017 compared to 2000 [36].
The next largest source of energy from TPES (total primary energy supply) is natural
gas [37]. In 2019, the share of natural gas in extraction was 5.5% (5.5% in 2018, 5.3% in
2017). One third of natural gas is produced domestically and the remainder is imported.
The next largest source of energy is crude oil, with a share of 1.5% (1.6% in 2018, 1.5% in
2017). The remaining renewable energy sources account for 18.3% (16.9% in 2018, 16.6%
in 2017). Primary energy obtained in Poland in 2017 amounted to 2723.7 PJ, in 2018 it
was 2607.4 PJ, and in 2019 it reached the value of 2528.5 PJ. Poland does not use nuclear
energy; however, a scenario for this source of energy in the energy outlook is taken into
account [38]. Nuclear energy is a regular theme in public statements. However, this is a
challenge due to time-consuming construction, high expenditure and controversy over
countries that would provide the required technology. Primary energy consumption in
2019 was 1188 TWh (in 2018, 1170.5 TWh).

The sector of the economy which had the highest share in direct energy consumption
was industry (34.6%), while this share was characterized by slight fluctuations in recent
years. The second largest sector in terms of consumption was the transport sector, also
including private passenger cars—the share of this sector systematically increased and
amounted to 28.1% in 2019. In 2019, households used 21.7% of energy, agriculture 4.5%,
construction 1.7%, and other recipients—9.4%. The share of coal in electricity production in
2019 was 73.9% (Figure 1). The import of electricity to Poland almost doubled. In 2019, it
amounted to 10.6 TWh. Electricity production in Poland was 164 TWh in 2019 (158.5 TWh
in 2020).

Figure 1. Net electricity generation structure in Poland in 2019.
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In the Czech Republic, like in Poland, the dominant source of primary energy in
2018 was coal, which accounted for approx. 36.2% of the total primary energy supply
(22.4 Mt in total, of which approx. 5.7 Mt is hard coal, and 16.4 Mtce is brown coal) [39].
The next primary energy carriers were fossil gas (15.8%, 9.7 Mtce) and crude oil (21.6%,
13.3 Mtce). The primary energy mix also includes nuclear energy with a share of 18.1% in
2018 (11.2 Mtce) as well as biofuels and waste which together accounted for 10.2% (6.3 Mtce).
The remaining 0.9% of solar, hydro and wind energy provided the remaining 0.6 Mtce.
Despite significant dependence on coal energy, the Czech Republic plans to quickly depart
from such an energy model [40]. Gradual replacement of fossil fuels (mainly coal) with
nuclear energy is being observed, which will favourably affect the GHG emissions. It is
assumed in Government projections that the share of nuclear energy will rise from 25%
to 33% of TPES by 2040. The Czech Republic is making efforts in the EU forum to qualify
nuclear energy as a green energy source. Such a change in qualification would make it
possible to obtain funds for the expansion of nuclear energy.

In 2019, electricity was mainly generated from coal—44.2% (51% in 2017) and nuclear
energy 34.6% (33% in 2017) (Figure 2) [41,42]. In 2018, the share of coal (lignite and hard
coal) decreased to 49%, and nuclear fuel increased to 34% [43]. Additionally, energy
production from fossil natural gas accounted for a 6.8% share in 2019 (4.3% in 2018), while
12.7% came from renewable energy sources (11.8% in 2018). In 2018, the Czech Republic
generated almost 88 TWh of energy. The Czech Republic was the fourth largest net exporter
of electricity in the EU in 2018, after France, Germany and Sweden. Most of its electricity is
exported to Austria, Slovakia and Germany [44].

Figure 2. Net electricity generation structure in the Czech Republic in 2019.

In 2019, households (29%), transport (28%) and industry (excluding construction; 27%)
had the largest share in final energy consumption. The service sector accounts for 13% of
final energy consumption.

The Hungarian energy system differs significantly from the Polish and Czech sys-
tems [45,46]. The largest energy carriers are natural gas and crude oil—31.3% and 28.3%
of TPES, respectively. Nuclear power is the third largest source (15.6% TPES), and serves
for electricity production. In 2018, the total primary energy supply was at the level of
25.2 Mtoe [47]. Coal is not so popular in the Hungarian energy system; it constitutes only
8.5% of the primary energy supply [48]. The most energy-intensive Hungarian sectors are
industry and housing, which account for over 60% of total energy consumption—31.6%
and 31.5%, respectively. In terms of energy consumption, the third sector is transportation,
accounting for 22.3% of TFC. The services sector, including agriculture, accounts for 14.7%
of TFC [49–51]. Hungarian energy supplies are dominated by imports from Russia. The
country imports about 90% of its crude oil and natural gas, mostly from Russia.
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In 2020, 48% of electricity in Hungary came from nuclear power plants (in 2019: 48.2%,
in 2018: 49%), 36% of electricity production in Hungary was based on fossil fuels (25% gas,
11% coal) (Figure 3) [52–54]. For comparison, in 2018, 23% of electricity came from gas and
15% from coal. In 2019, coal was the source of 11.6% of electricity and gas of 25.1%. In 2020,
15% of electricity came from renewable sources (12% in 2018). Electricity production from
renewable energy sources is increasing, in line with the EU’s Green Electricity Directive.
Electricity production in 2019 was 87 TWh. Internationally, the Czech Republic continues
to export more electricity than it imports [55].

Figure 3. Net electricity generation structure in Hungary in 2019.

In Slovakia, the energy system is dominated by nuclear energy and natural gas, whose
shares are 22.7% and 23.5% of TPES, respectively [39,50,51]. In 2016, energy consump-
tion was at the level of 16.5 Mtoe of the total primary energy supply; in 2017, it was
18.0 Mtoe [39]. The energy carriers are mainly crude oil and coal, whose shares is 21.4%
and 19.6% of TPES, respectively. In addition, in Slovakia, the highest energy intensity can
be observed in industry, with its total energy consumption of about 4 Mtoe. Transportation
(about 2.5 Mtoe TFC) and the housing sector (about 2.3 Mtoe) can be distinguished in the
second place. Services take the last place in the energy intensity structure, with energy
intensity of around 1.5 Mtoe [56,57].

Nuclear power plants are the main contributors to electricity production in Slovakia
(Figure 4) [58]. In 2020, 54% of electricity in Slovakia came from nuclear power plants (54%
in 2019), 8.5% from coal (8.5% in 2019), 10.2% from natural gas (10.2% in 2019), and 23.3%
% from renewable energy sources (23.3% in 2019, Figure 3). The total installed capacity
with all energy sources was 7728 MW in 2019 and 7721 in 2017 [59].

Table 1 presents the listing of the energy mix of the Visegrad Group in 2019 [60–62].

Table 1. Sources of electricity in the Visegrad Group states in 2019 r.

Energy Source Poland Czech Republic Hungary Slovakia

Coal 73.9% 44.2% 11.6% 8.5%
Natural gas 9.3% 6.8% 25.1% 10.2%

Nuclear 0.0% 34.6% 48.2% 54.0%
Other sources 1.2% 1.7% 1.2% 4.0%

RES 15.6% 12.7% 13.9% 23.3%
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Figure 4. Net electricity generation structure in Slovakia in 2019.

Table 2 presents the listing of the quantity of primary energy consumption in the
Visegrad Group states [60–62].

Table 2. Primary energy consumption in the V4 states [in Mtoe].

Country 2011 2012 2013 2014 2015 2016 2017 2018 2019

Poland 100.4 97.4 97.6 94.0 95.0 99.2 99.8 100.7 102.2
Czech

Republic 42.9 42.6 41.8 40.9 40.2 39.6 41.3 41.3 40.7

Hungary 23.5 21.9 20.8 20.8 21.9 22.2 23.3 23.5 23.7
Slovakia 16.8 16.1 16.5 15.4 15.5 15.6 16.5 16.2 15.7

Table 3 presents the listing of the quantity of energy generated from renewable sources
in the Visegrad Group States [in Mtoe] [60–62].

Table 3. Quantity of energy generated from renewable sources in the V4 states [in Mtoe].

Country 2011 2012 2013 2014 2015 2016 2017 2018 2019

Poland 0.93 1.28 1.26 1.52 1.79 1.78 1.85 1.69 1.99
Czech

Republic 0.45 0.51 0.56 0.62 0.66 0.64 0.67 0.67 0.68

Hungary 0.21 0.21 0.22 0.25 0.26 0.26 0.28 0.30 0.37
Slovakia 0.10 0.12 0.13 0.17 0.19 0.20 0.19 0.19 0.16

2.1. Renewable Energy Sources in the Visegrad Group States

In 2018, the EU adopted new rules on renewable energy sources. The RED II Directive
sets out a common framework for the promotion of renewable energy and sets a binding EU
target of at least 32% share of renewable energy in the EU’s gross final energy consumption
in 2030. Thus, the EU’s climatic and energy goal is to reduce greenhouse gas emissions by
at least 40% by 2030, compared to 1990 levels. The European Green Deal already provides
for the possibility of increasing the greenhouse gas emission reduction target in the EU not
by 40, but by 50–55%, compared to 1990. In line with the guidelines of the new directive,
member states were required to define their projected contribution to the achievement of
the new EU energy targets. The national energy and climate plans (NECPs) reflect the
percentage of renewable energy for the V4 countries such as Poland (23%), Hungary (21%),
the Czech Republic (22%) and Slovakia (19.2%) by 2030.
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In Poland, the use of renewable energy sources in the energy market has increased
significantly since the 1990s [63,64]. The share of energy from renewable sources in the
acquisition of primary energy TPES increased in 2011–2019 from 8.2% to 15.6% in total.
The structure of energy acquisition from renewable sources for Poland results mainly
from the geographical conditions characteristic for Poland and the resources that can be
managed [65,66]. The energy obtained from renewable sources in Poland in 2019 came
mainly from solid biofuels (65.56%), wind energy (13.72%) and liquid biofuels (10.36%).
The total energy value of primary energy obtained from renewable sources in Poland in
2019 was 396,498 TJ [67].

In 2019, Poland produced the most electricity from renewable energy sources in
history (over 25 TWh). At the end of 2019, 9.5 GW was installed in RES, of which 1.5 GW
in photovoltaic installations. The development of RES in the last two years is mainly the
result of investments in prosumer installations. The share of RES in the production of
electricity was 15.6%. It is the highest ever (Figure 5).

Figure 5. Electricity from RES: (a) share of energy from renewable sources in electricity generation in Poland; (b) shares of
individual RES installations built in Poland in 2019.

In the field of electricity, Poland focuses on the construction of wind farms, but also
photovoltaic power plants. The increase in photovoltaics was ensured mainly by reducing
the tax for small power plants from 23% to 8% as well as through state subsidy program
for these projects.

In January 2020, the Government of the Czech Republic approved the National Energy
and Climate Plan for 2021–2030. The document, drawn up by the Ministry of Industry and
Trade, introduces certain changes regarding the use of individual fuels in the structure of
energy production and consumption in relation to the assumptions set out in the country’s
energy concept of 2015. The program of the newly adopted strategy assumes an increase in
the share of energy from renewable sources in final energy consumption within ten years.
The key part of the adopted energy and climate plan is to determine the Czech Republic’s
contribution to the European climate and energy goals in terms of reducing greenhouse
gas emissions, increasing the share of renewable energy sources in energy production
and consumption, and increasing energy efficiency. Despite the EC’s recommendations
to increase the share of renewable energy sources in total energy production and use to a
minimum of 23% within a decade, the newly adopted version of the plan from January
2020 assumes that it will reach 22% in 2030.

Renewable energy in the Czech Republic in 2015 reached the level of 3.8 Mtoe, or
9.4% of TPES. The dominant renewable energy sources are biomass and biofuels, which
accounted for 8.6% of TPES (3.5 Mtoe). This value increased to 10.5% in 2017. Solar energy,
water energy and wind energy took marginal positions in the Czech energy sector with
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their shares of 0.5%, 0.2% and 0.1% of TPES, respectively. There is no energy production
from geothermal sources; however, this energy acquisition source is subject to ongoing
research [68–70]. Although the use of renewable energy in the Czech Republic increased
from 2% of TPES in 2000 to about 10% in 2017, nuclear power is an essential element of the
Czech diversification strategy [68]. Biofuels and biomass account for 10.2% of TPES, while
coal constitutes only 8.5% of the primary energy supply. The remaining renewable energy
sources amount to only about 1.3% of TPES [47,71].

According to the national climate and energy plan, approved by the Czech Gov-
ernment in January 2020, the share of RES in gross final consumption should increase
to 22% by 2030. In 2019, this level was 16%, a large part of which was heating house-
holds with biomass. Renewable energy sources accounted for only 12.7% of electricity
generation (biofuels 5.8%, hydroelectricity 2/7%, photovoltaics 3.4%, wind energy 0.8%)
(Figure 6) [72–75].

Figure 6. Electricity from RES: (a) share of energy from renewable sources in electricity generation in the Czech Republic;
(b) shares of individual RES installations built in the Czech Republic in 2019.

In Hungary, an increase in renewable energy sources in the energy system has been
observed over the last ten years. This increase is caused by the use of biomass to produce
heat and energy. Biomass is perceived as the source with the highest potential for heat
and electricity, while biofuels are the most advantageous alternative to fossil fuel used in
transportation [48,49]. In 2018, about 10.1% of the total covered primary energy supply
came from renewable energy sources [48,49]. Hydro energy is subsequent with a 1.8% TPES
indicator. Other renewable resources, such as geothermal, sun and wind, had negligible
shares in the Hungarian energy market (up to 1% of TPES) [47–49]. The amount of
electricity produced in Hungary in 2001–2019 decreased from 36.4 TWh in 2001 to 33.9 TWh
in 2019. Renewable electricity generation is a growing sector in Hungary. According to
2019 data, the share of renewable energy sources in final electricity consumption was
13.9%, with biofuels (6.1%) being the main type of renewable energy source, followed by
photovoltaics 4.9%, wind energy 2.2% and hydropower plants 0.7% (Figure 7). The power
of all photovoltaic systems in 2020 was 1170 MW.
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Figure 7. Electricity from RES: (a) share of energy from renewable sources in electricity generation in Hungary; (b) shares of
individual RES installations built in Hungary in 2019.

In Slovakia, about 9.2% of energy carriers’ share is attributable to renewable energy
sources. Among them, biofuels dominate with a total supply ratio of 8%. The other
1.2% of TPES is water energy [56,57]. The total potential of renewable energy sources in
Slovakia in 2019 was around 27,000 GWh per year [76]. Biomass had the greatest technical
potential of 11,200 GWh per year, the geothermal potential was around 6300 GWh per year
and the geothermal waters had a heating capacity of 280 MW. The technical potential of
large hydropower plants was 7600 GWh, and the technical potential of solar energy was
estimated at 5200 GWh per year.

In 2019, 6157 GW of electricity was generated from renewable sources, which ac-
counted for 23.3% in the electricity mix (biofuels 3%, hydroelectricity 17.6%, photovoltaics
2.6%, wind energy 0%) (Figure 8) [77–79].

Figure 8. Electricity from RES: (a) share of energy from renewable sources in electricity generation in Slovakia; (b) shares of
individual RES installations built in Slovakia in 2019.

Increasing the share of renewable energy in gross final energy consumption is one
of the key objectives of the European Union. This parameter is supposed to gradually
bring the EU closer to sustainable development in the field of energy use and has been
translated into the goals of individual member states. The goals have been set individually
for each EU member state. Table 4 shows the share of energy from renewable sources in
the gross final energy consumption (in %) in the countries of the Visegrad Group in the
years 2010–2019 [60–62].
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Table 4. Share of energy from renewable sources in gross final energy consumption (in %) in the
Visegrad Group states in the years 2010–2019.

Country 2011 2012 2013 2014 2015 2016 2017 2018 2019 Goal 2020

Poland 10.3 10.9 11.4 11.5 11.8 11.4 11.1 11.4 12.1 15
Czech

Republic 11.0 12.8 13.8 15.1 15.1 14.9 14.8 15.1 16.2 13

Hungary 14.0 15.5 16.2 14.6 14.5 14.3 13.5 12.5 12.6 13
Slovakia 10.3 10.4 10.1 11.7 12.9 12.0 11.4 11.9 16.9 14

Table 5 presents the share of electricity generated from renewable sources in gross
final energy consumption in percentage in the Visegrad Group states in 2010–2019 [60–62].

Table 5. Share of electricity produced from renewable sources in gross electricity consumption (in %)
in the Visegrad Group states in the years 2010–2019.

Country 2011 2012 2013 2014 2015 2016 2017 2018 2019

Poland 8.1 10.4 10.4 12.5 13.8 13.7 14.2 12.7 15.6
Czech

Republic 8.3 9.3 10.8 10.9 11.1 11.4 11.2 11.8 12.7

Hungary 7.5 7.6 9.2 10.7 10.6 10.2 10.6 11.7 13.9
Slovakia 19.3 20.1 20.8 22.9 22.7 24.8 23.9 21.8 23.3

2.2. Energy Efficiency of the Visegrad Group States

All European Union member states are obliged to carry out activities to improve their
energy efficiency. One of the priority goals is to increase the share of renewable energy in
the produced and consumed energy in Europe.

By the European Parliament and the Council’s Directive 2009/28/EC on the promotion
of the use of energy from renewable sources, EU member states were obliged to ensure a
certain share of energy from renewable sources in their gross final energy consumption
in 2020. National targets make up the overall EU target of 20% for the share of renewable
energy in gross final energy consumption in the community. For Poland, this target was set
at 15%, for the Czech Republic 13%, for Hungary 13% and for Slovakia 14%.

The EU 2030 climate and energy policy framework includes EU-wide assumptions and
energy targets for 2021–2030 to reduce greenhouse gas emissions by at least 40% (compared
to 1990 levels). The reduction target for Poland, in terms of greenhouse gas emissions in
sectors not covered by the ETS system, was set at −7% in 2030 compared to the level of
2005. Moreover, it is planned to increase the share of renewable energy in total gross energy
consumption in the EU to at least 32%. As part of the implementation of the EU-wide target
for 2030, Poland declares to achieve 21–23% by 2030, the Czech Republic 22%, Hungary
21%, Slovakia 19% of the share of renewable energy in gross final energy consumption
(consumption in total in electricity, heating and cooling as well as in transport purposes).
In addition, the EU plans to increase energy efficiency by at least 32.5%. The goals of the
energy transformation for 2030 in the V4 countries are presented in Table 6.

Table 6. The plan of activity within the framework of energy transformation in the V4 states by 2030.

Country
Share of RES in

Final Energy
Consumption

Reduction of CO2 and
Greenhouse Gas Emissions

in Non-ESTS Sectors

Energy
Efficiency

Poland 21–23% −7% 23%
Czech Republic 22% −14% 8%

Hungary 21% −7% 10%
Slovakia 19.2% −20% 30.3%
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For Poland, the national target for improving energy efficiency by 2030 was set at 23%
in relation to primary energy consumption according to the PRIMES 2007 forecast, which
corresponds to the primary energy consumption of 91.3 Mtoe in 2030.

The main producers of electricity in Poland are conventional utility power plants [80].
They produce about 70 percent of total electricity for distribution and sale in the national
energy system. The average age of power plants in Poland is 47 years. Aging power
generation units reduce the level of Poland’s energy security. Moreover, the problem of
the Polish energy generation sector is the relatively low efficiency of coal-based power
generation and the accompanying high carbon dioxide emissions. The average efficiency
of Polish power plants is lower than that of power plants in the EU. The newest units
of the Łagisza II power plant—41%, Pątnów II—41%, Bełchatów II—42%, Opole II—45%
have the highest efficiencies, but most of the remaining power plants are characterized by
efficiency below 36% (the oldest—even below 30%). With the current efficiency of steam
power plants, CO2 emissions are estimated at approx. 1100–1200 kg CO2/MWh.

In 2018, the energy production in Poland was 62.4 Mtoe. The final electricity consump-
tion was 166.84 TWh. The total CO2 emissions were 305.75 Mt.

In Poland, the total final consumption (TFC) of energy has increased over the last
decade [81]. In 2017, TFC increased by approximately 20%, compared to 2010 [82]. Poland
has implemented the main requirements of the Energy Efficiency Directive (EED) of 2012
(2012/27/EU) by adopting the Energy Efficiency Act (updated on 20 May 2016). The
requirements set out in the act include an energy-saving system for energy companies
and other measures resulting in 1.5% savings annually, from 2014 to 2020. One of the
most important tools for the achievement of the Polish Energy Efficiency Obligations
was the ‘white certificate system’ introduced in 2013. There is also a national action plan
with sectoral programs in Poland to support and promote activities to improve energy
efficiency [83]. The National Fund for Environmental Protection and Water Management
(NFOŚiGW) possesses financial resources to allocate energy efficiency in public and private
construction sectors. The fund also provides a national energy advisory system at the
regional and local levels [84,85]. The most important documents that define the energy
efficiency policy until 2020 include the Polish Energy Policy until 2030 and the National
Action Plans on energy efficiency, the development of which was required by Directives
2006/32/EC and 2012/27/EU. Poland’s energy policy in the longer term is presented in
these strategic documents: Poland’s Energy Policy until 2040 (PEP2040) and the National
Energy and Climate Plan for 2021–2030. According to the updated Polish Nuclear Energy
Program (PPEJ), published in October 2020, the first energy reactor is to be commissioned
in 2033 and a further six at two-year intervals, so that the installed capacity in nuclear
power plants is between 6 and 9 GW in 2043. The PEP2040 document assumes an increase
in the share of RES in all sectors and technologies. In 2030, the share of RES in gross final
energy consumption will be at least 23%—not less than 32% in the electricity sector (mainly
due to wind and photovoltaic energy), 28% in heating and 14% in transport with a large
contribution of electromobility. Offshore wind energy will reach approx. 5.9 GW in 2030
and approx. 11 GW in 2040, in terms of installed capacity. There will be a significant
increase in the installed capacity in photovoltaics, around 5–7 GW in 2030, and 10–16 GW
in 2040. The share of coal in electricity production will reach 37–56 percent in 2030 and
11–28 percent in 2040, depending on whether the price of emission allowances increases
faster or slower.

The Czech Republic is introducing provisions on its energy policy to support and
improve the country’s energy efficiency in line with the European Union guidelines. The
Czech energy policy emphasized increasing overall energy efficiency in all sectors of the
economy. The adopted target was the efficiency increase of 20% by 2020 and a further in-
crease of energy efficiency to reduce energy intensity and average energy consumption per
capita below the EU Member States average. The Czech Republic set the National Action
Plan for Energy Efficiency, which introduced specific quantitative goals for energy savings.
The national target for energy efficiency was set at 1060 PJ of final energy consumption.
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The obligation to cumulate energy savings has been set at 204.39 PJ of cumulative energy
savings by 2020.

The State Program for Supporting Energy Saving and Renewable Energy Use (EFEKT)
supports financial energy efficiency, secondary and renewable energy sources [86,87]. From
2004 to 2017, a decrease by about 30% in the total final energy consumption was observed
in the Czech Republic. In the most energy-intensive sector—industry—the trend of energy
consumption declined between 2004 and 2014 (−16.9%). Within ten years, the structure of
demand for individual energy carriers has also changed to the benefit of renewable raw
materials (75.1% TFC for biomass and biofuels).

The Czech Government assumes a gradual withdrawal from coal-based energy with a
simultaneous increase in the share of nuclear power in the national energy mix. In 2020, the
Czech coal commission set the date of abandonment of coal in the energy sector for 2038
(in accordance with the requirements of the Paris Agreement of 2030). The reduction in
the importance of coal in the Czech energy mix is to be compensated by further increasing
the share of nuclear power in it. This is supposed to be made possible by the construction
of the fifth unit at the Dukovany Nuclear Power Plant—the construction of the unit is
scheduled for 2029–2036. The Czech Government plans to increase the share of renewable
energy sources in the national energy mix to 20.8% in 2030. Such assumptions, however,
differ from the European Commission’s recommendation for the Czech Republic (23% in
2030). So far, the Czechs have managed to achieve such goals even before the suggested
date. In 2013, the Czech Republic reached the 13% share of RES in its energy consumption,
as recommended by the European Commission (Table 4). One of the principal goals of the
Czech Government is to achieve energy self-sufficiency of the state. The declarations do not
translate into reducing dependence on gas supplies from Russia. This is evidenced, e.g., by
support for the Nord Stream 2 gas pipeline, which would supply the Czech Republic via
the EUGAL gas pipeline running along the Polish–German border. Poland and the Czech
Republic are unanimous in their announcements regarding investments in nuclear energy.

In Hungary, in the last decade, a decrease in final energy consumption is observed,
despite increases in energy intensity in the housing sector. Residential and commercial
sectors combined account for 46% of TFC, but energy consumption has decreased thanks
to measures to improve energy efficiency in construction. Energy consumption in indus-
try and transport has increased in recent years. The Hungarian energy strategy and the
national action plan for energy efficiency were developed to improve energy efficiency.
One of the priorities of Hungarian financial support programs is to reduce energy intensity.
The important programs in improving energy efficiency include the green economy financ-
ing program and the operational program in environment and energy efficiency [88–91].
Hungary’s energy strategy is based on three pillars: becoming independent from Western
energy companies, rebuilding and strengthening state-owned companies in the gas and
liquid fuel sector and lowering electricity and gas prices, particularly for households.
In the field of energy, Hungary works closely with Russia. The Russians also provided
credit for 80 percent of the expansion of the nuclear power plant in Paks, which currently
produces nearly 40 percent of electricity consumed in Hungary. The Hungarian economy
is low-emission compared to the region, which results from the small share of coal in the
energy mix (Table 1). The current, binding energy strategy of Hungary with an outlook
until 2030 was adopted in 2011. Hungary has determined the increase of RES in its energy
mix in 2020–2030 only to be 20%. In addition, the reduction of CO2 emissions in the power
sector is to be largely based on nuclear energy—the fifth and sixth reactors at the Paks
power plant are to be operational by 2027. Hungary plans to reduce GHG emissions in its
national climate strategy by 52–85% by 2050, depending on available technologies.

In Slovakia, energy consumption has decreased by approx. 14% since 2002 [92] as a
result of implementing modern production and less energy-intense technologies. Although
industry is the sector with the highest energy consumption, a certain decrease in energy
intensity can be seen since 2009. The steady downward trend is visible for the housing
sector (approx. 30%). On the other hand, energy consumption increased in the transport
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sector (by approx. 18%). The Slovak energy policy has several priority areas: increasing
efficiency of the combined heat and power plants, reducing transmission and distribution
losses (especially electricity, gas and heat), and improving the efficiency of electricity
production from hydroelectric plants [93]. In the housing sector, Slovakia focuses on
information campaigns and legal regulations regarding energy performance for building
components and equipment, including regular inspections of air conditioners and heating
devices. Energy efficiency improvement assumption and goal is presented in the Energy
Policy of the Slovak Republic [57,86]. The Slovak Government has declared its support
for the EU’s goal of achieving climate neutrality by 2050 [94]. Slovakia has committed to
achieving an even balance of greenhouse gas emissions and absorption by 2050. According
to the Government estimates, 82% of electricity produced in Slovakia in the near future
will come from emission-free sources, mainly from nuclear power plants (e.g., from the
new units in Mochovce) [95,96]. According to the Government plan, subsidies for the
production of electricity from coal will end in 2023, and the last Slovak lignite mines will
be shut down in 2027.

The planned dates for the termination of coal-based energy production in the V4
countries are presented in Table 7.

Table 7. The plan of activity within the framework of energy transformation in the V4 states by 2030.

Goal Poland Czech Republic Hungary Slovakia

Termination of energy
production from coal 2030/2040 2038 2049 2023

2.3. The Structure of CO2 Emissions and Climate Policy of the Visegrad Group Countries

While the EU average of total annual CO2 emissions has fallen by a fifth since 1990,
the pace of decarburisation between countries has varied. Over the past 30 years, Hungary
has managed to reduce its emissions by 32%, the Czech Republic by 35%, and Poland
by 13%.

Poland is one of the largest gas emitters in the EU. Poland ranks third in Europe
in terms of CO2 emissions, and fifth in terms of all greenhouse gas emissions. By 2018,
Poland had managed to reduce greenhouse gas (GHG) emissions by 13 percent compared
to 1990 (the EU plan is 40%). According to Global Carbon Budget estimates from 2019,
Poland ranks 20th in the world among the largest CO2 emitters—the highest among all
the member states of the Visegrad Group. Poland’s CO2 emissions are estimated at 323
megatons of CO2. The Czech Republic came 43rd with 101 Mt CO2, then Slovakia which
ranked 75th (33 MtCO2) and Hungary at the 57th place (49 MtCO2). The largest source of
emissions is electricity which is responsible for a quarter of emissions in Poland, which is
due to the large share of coal in energy production. In 2018, imports to Poland amounted
to 19.3 million tons of coal, and a year later 14.9 million. The vast majority of the Polish
energy sector (about 70%) is still based on coal. The biggest polluter in Europe is the Polish
power plant Bełchatów, which emitted 38.2 megatons of CO2 in 2018 alone. Transport
plays an increasingly infamous role, accounting for about 15% of emissions. Industry and
processing each account for 8 percent in the emission structure. The actions taken in the
country show that only the implementation of four flagship projects will possibly reduce
greenhouse gas emissions by 42 percent. This means that the missing gap in relation to the
EU target is between 2 and 9 percent. The aforementioned flagship projects cover areas
that are still underway, due to the ongoing economic processes or e.g., the ongoing fight
against smog in Poland. They include: a change in the electricity mix, transformation in
heating, innovation in the industrial sector and electrification of transport. Poland already
has emission reduction plans in most of these areas.

Based on the annual reports on CO2 emissions for 2020 from ETS participants, the
total amount of CO2 emissions in Poland covered by the EU ETS in 2020 amounted to
172.15 million tons of CO2, including the aviation sector.

17



Sustainability 2021, 13, 8826

The total annual greenhouse gas emissions in the Czech Republic in 2018 were
129.39 million tons (in 2019, they were 131 million tons of CO2). The Czech emissions
represent 3.5% of the total EU emissions and have decreased by almost 13% since 2005. It
should be noted that the average reduction of emissions across the EU was 19% during the
same period. Emissions in the energy sector amounted to 51.07 million tons of CO2 (39.5%
of total emissions), in the transport sector 20.3 million tons of CO2 (15.7% of total emissions),
emissions from industrial processes 16.26 million tons of CO2 (12.6% of total emissions),
emissions from fossil fuel combustion for industry 9.96 million tons of CO2 (7.7% of total
emissions), combustion in households, institutions and agriculture generated 13.15 million
tons of CO2 (10.2% of total emissions), emissions from waste management 5.7 million tons
of CO2 annually (4.4% of total emissions), agricultural emissions 8.61 million tons of CO2
(6.7% of total emissions).

The climate protection policy of the Czech Republic was adopted by the Czech Gov-
ernment in March 2017 and replaced the previous national program to mitigate the effects
of climate change in the Czech Republic. The main goals presented in the document are as
follows: the reduction of greenhouse gas emissions by 32 Mt CO2eq by 2020, compared to
2005 and the reduction of greenhouse gas emissions by 44 Mt CO2eq by 2030, compared to
2005. In terms of energy security, the target is to keep energy import dependency below
65% by 2030 and 70% by 2040 (nuclear fuel is considered an imported resource).

The Hungarian Parliament passed the Climate Protection Act in 2020. According to
this document, Hungary will reduce its carbon dioxide emissions by at least 40 percent
by 2030, compared to 1990 levels, and renewable energy will have accounted for at least
21 percent of consumed energy by then. In addition, Hungary is to be entirely climate
neutral by 2050. The Hungarian Government has decided to pin its hopes on nuclear power
(supplemented by increased photovoltaic capacity) to meet emission reduction targets
and increase the rate of emission-free electricity production from the current 60 percent
to 90 percent by 2030. Currently, it is to be investigated how low-carbon nuclear energy
can be used to produce clean hydrogen. According to data from the EU Statistical Office,
Hungarian emissions dropped by 0.8 percent in 2018 and amounted to about 1.4% of total
EU CO2 emissions.

The emission of carbon dioxide from Hungary was 58 Mt CO2eq in 2014 [88] and
45.8 Mtoe CO2eq in 2017 [39]. Hungary reduced greenhouse gas emissions by 32% between
1990 and 2017, however, these emissions have been increasing. In 2020, Hungary gener-
ated 45.5 metric tons of carbon dioxide emissions. That was a drop by almost 4 percent,
compared to 1990 levels. Greenhouse gas emissions have decreased significantly due to
the transformation in the economic and energy sectors in reduced consumption of fossil
fuels. It is energy industry (28%)—mainly heating, based on natural gas in 80%—and
transport (26%) that are the most responsible for those emissions. Due to the high share
of emissions from the transport sector, the National Transport Strategy was developed,
focusing its activities on broadly understood mobility. It sets targets for increasing the
number of transport means with low GHG emissions and obliges to increase the share of
biofuels in the sector. It also indicates the need to share electricity and hydrogen sources in
overall energy consumption. Hungary also uses ETS emissions trading systems, which are
used to finance emission reduction support schemes [48,49].

Slovakia generated 35.9 Mt CO2 in 2019 (was 38.1 Mt CO2 in 2018). The sector with
the largest CO2 emission was energy production, responsible for 50% of all emissions.
The industry sector was responsible for 23%. A total 16% of emitted CO2 originated from
transport, 7% of emissions resulted from agriculture and 4% from waste. By 2023, Slovak
coal power plants and all lignite mines will have been shut down. Only one will be allowed
to mine lignite for non-energy purposes.

The basic documents for the development of climate change mitigation policies are
“Low-Emission Development Strategy of the Slovak Republic until 2030 with a Prospect to
2050” and the “Integrated National Energy Plan of Slovakia until 2030”. The low-emission
development strategy of the Slovak Republic until 2030 with a prospect to 2050 was
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approved by the Government of the Slovak Republic in March 2020. The main objective
of the document was to set the direction for achieving climate neutrality in the Slovak
Republic by 2050. The strategy includes national emission reduction targets by 2030, based
on European targets. These goals were specified in the integrated national energy plan of
Slovakia until 2030: the share of RES 19.2% (EU targets 32%) and energy efficiency at 30.3%
(EU targets 32.5%).

3. Summary

In 2020, the share of European electricity production from renewable sources increased
to 38% (compared to 34.6% in 2019). Conversely, electricity generation from fossil fuels has
fallen to 37%. It is undoubtedly an important moment in the European transformation to
clean energy. Still, the pace of the energy transition is too slow to achieve a 55% reduction in
greenhouse gas emissions by 2030 and climate neutrality by 2050. Unfortunately, according
to new data from the Ministry of Energy, Poland will not achieve the expected share of
renewable energy in 2020. The share of renewable energy sources in energy consumption
in 2018 was 11.4%, and in 2019 it was 12.1%. The national target for 2020 was 15%. The
share of RES in Poland in 2020 was 13.8% instead of 15%. In 2019, the share of the Czech
Republic in RES was 16.2% (the national target for 2020 was 13%), Hungary had 12.6% (the
target was 13%) and Slovakia achieved 16.9% (the target was 14%).

This means that Poland only keeps emissions at the bottom of the target. Of the 28 EU
countries, only 12 have reached the national target for the distribution of renewable energy
sources by the end of the energy supply set for 2020 [89].

The policies and actions currently described in the National Forecast are insufficient
to achieve the steps needed to reach the EU’s target of at least 40% reduction by 2030.
Depending on the existing actions in the country [89], this problem will be mitigated by
26% from 2020, and 30% until 2030. To comply with the Paris Agreement, the EU will have
to exceed the 32% renewable energy rate by 2030. This would increase the RES energy
surplus to 55%, as the share of renewable energy is up to 59%. By 2030—75%, by 2050, the
total decarbonization will be achieved [93]. Renewable energy accounts for 17% of total
energy consumption in the EU-28, with a target of 20%.

In November 2018, the European Commission stated the European climate strategy
for 2050 titled “A Clean Planet for All.” These EU Member States have adopted or offered
long-term abandonment strategies. All EU Member States should prepare and report on a
long-term strategy with a vision of at least 30 years [97].

The EU ambition concerning mitigation has been relatively limited, mainly due to the
group of Central and Eastern European EU member states led by Poland, and the Visegrad
Group [15]. The EU’s GHG emission reduction target for 2030 is 40%. It was constituted
based on INDC and was agreed upon in October 2014; however, the Visegrad Group was
against more ambitious targets. It is worth saying that it is not ambitious enough to keep
the world on a pathway below a 2 ◦C temperature increase. The EU is trying to force other
developed countries to make ambitious commitments on climate change mitigation after
2020 [98,99].

The development of the European Union’s climate and energy policy in 2018 means
that the EU can gain the EU’s global leadership position in negotiations on climate action.
The currently implemented climate action level is not yet compatible with the Paris Agree-
ment’s 1.5 ◦C limits. The European Parliament has called for increasing the EU’s INDC
emissions 2030 reduction goal to 55% below 1990 levels. Achieving this would need to
build on the reform of the EU ETS, the adoption of the Energy Performance of Buildings
Directive (EPBD), and the political agreement on increasing renewable energy and energy
efficiency targets for 2030 [93].

The recent disagreements between Poland and Hungary by the Visegrad Group on the
EU’s energy and climate agenda are a good sign (on Russia). Divided, the association can
hardly thwart major environmental policies. In particular, Poland will be more difficult to
defend against as a coal miner that does not meet EU energy and climate targets. Suppose
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the EU and its negotiating members succeed in exploiting this dangerous alliance. In
this case, this could bring the association closer to the winter solstice under the Paris
Agreement [93].

In summary, three of the Visegrad Group (except Poland) countries meet the commit-
ments made in reducing carbon dioxide emissions. The consequence of failing to meet
these commitments is rising emissions trading costs, energy costs and production costs
(closure of production facilities or temporary shutdown of production, for example, Huta
Kraków) [100].

4. Conclusions

In 2021, the Visegrad Group celebrates its 30th anniversary. The group has included the
Czech Republic, Poland, Slovakia and Hungary since 1 January 1993, following the break-
up of Czechoslovakia. Its members are linked by neighbourhood and similar geopolitical
conditions. The keynote of establishing the group was cooperation on strengthening the
processes of democratic transformations of state structures and building a free market
economy, so that in the longer term it would be possible to achieve the goal of European
and Atlantic integration (all V4 countries have been members of the European Union
and NATO since 2004 and 1997, respectively). Currently, the Visegrad Group is a forum
for exchanging experiences and working out common positions on issues important for
the future of the region and the EU. In 2015, almost 200 countries decided to conclude a
global agreement (the Paris Agreement) to combat global warming. This agreement was
also signed by the countries of the Visegrad Group. For Poland, whose energy sector is
based primarily on coal, any provisions regarding the reduction of CO2 emissions are a
big challenge.

The manuscript presents the situation of the energy sector of the Visegrad Group
countries in recent years. The climate and energy policy in recent years was analysed,
as well as the plans of the V4 countries in the context of the European Union’s climate
goals for 2020, 2030 and 2050. The level of energy efficiency, the structure of the shares
of individual energy carriers, the share of renewable energy sources and the emission of
carbon dioxide have been analyzed in detail and in many ways.

Slovakia, the Czech Republic and Hungary are countries that have already achieved
the level of emission reductions required by the convention (compared to the reference
year) and can contribute to the achievement of the EU target. Only Poland would keep
its emissions below the target. It should be emphasized that Poland has ratified four
international agreements on climate protection: the Climate Convention of 1994, and
the Kyoto Protocol of 2002. In 2016, it also ratified the Paris Agreement, and in 2018,
an amendment to the Kyoto Protocol, which expires after 2020. In the last two, Poland
undertook to meet the reduction targets together with the EU.

The following list contains a collection of the most important names used in the
manuscript, along with the corresponding symbols (Table 8).

Table 8. List of abbreviations and nomenclature.

Parameter Description

COP Conference of the Parties
CO2 Carbon dioxide
EED Energy Efficiency Directive
ETS Emission Trading Scheme
ESE Energy and Environment Safety Strategy

GEFS Green Economy Financing Program
GHG Greenhouse gases
HFC Hydrofluorocarbon

INDC Intended Nationally Determined Contributions
IPCC Intergovernmental Panel on Climate Change
Mtoe Million tons of oil equivalent
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Table 8. Cont.

Parameter Description

Mt CO2 eq Metric tons of carbon dioxide equivalent
NF3 Nitrogen trifluoride

NFOŚiGW
The National Fund for Environmental Protection and Water

Management
NTS National Transport Strategy
PFC Perfluorocarbon
RES Renewable energy sources

SEnvP Slovak National Environmental Policy
SF6 Sulfur hexafluoride

TPES Total primary energy supply
TFC Total final consumption

UNFCCC United Nations Framework Convention on Climate Change
V4 Visegrad Group

WCS White certificate system
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Abstract: Wood fuel has become central in environmental policy and decision-making processes
in cross-sectoral areas. Proper consideration of different types of woody biomass is fundamental
in forming energy transition and decarbonization strategies. We quantified the development
of theoretical (TPs) and sustainable (SPs) potentials of wood fuel from forests, trees outside
forests, wood residues and waste wood in Switzerland for 2020, 2035 and 2050. Ecological and
economic restrictions, timber market situations and drivers of future developments (area size,
tree growth, wood characteristics, population growth, exporting/importing (waste wood)) were
considered. We estimated a SP of wood fuel between 26.5 and 77.8 PJ/a during the three time points.
Results demonstrate that the SP of wood fuel could be significantly increased already in the short
term. This, as a moderate stock reduction (MSR) strategy in forests, can lead to large surpluses in SPs
compared to the wood fuel already used today (~36 PJ/a), with values higher by 51% (+18.2 PJ) in
2020 and by 59% (+21.3 PJ) in 2035. To implement these surpluses (e.g., with a cascade approach),
a more circular economy with sufficient processing capacities of the subsequent timber industries
and the energy plants to convert the resources is required.

Keywords: bioenergy; energy transition; forest management strategy; potential analysis;
woody biomass; wood fuel

1. Introduction

In several European countries, an interest in using natural renewable resources to support the
transition to clean energy has risen [1] (e.g., [2–4]). Biomass, in particular, is seen as a promising source
for renewable energy and its use could cover a significant share of the primary energy consumption by
2050 [5,6], thus contributing to the achievement of European decarbonization goals. Consequently,
the use of woody biomass has received attention but also raised several concerns [7]. While some of
these concerns are related to the low energy density and conversion efficiency of wood fuel compared
to fossil energies, as well as externalities such as the impact on air quality (with effects on human
health) [7,8], the issue of possible conflicts among the multiple goods and services provided by forests
that an augmented demand of wood for bioenergy may cause is central.

Forests provide a wide range of goods and services and are relevant for policy and decision-making
processes in cross-sectoral areas [9], and are under pressure due to biotic and abiotic agents, whose action
is exacerbated by events related to climate change, such as the 2018 megadrought (e.g., [10]). Therefore,
some tension exists between “demands for more intensive management of biomass from forests
and the contributions made by the same biomass in situ to soil fertility, biodiversity and protective
functions” [7]. Sustainable and climate-smart forest management (e.g., [11,12]), and the cascade use of
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wood in long-lived products combined with end utilization for energy production [13–15], represent
two necessary prerequisites for any sustainable and climate-friendly use of woody biomass as bioenergy
(hereafter referred to as wood fuel). Thus, wood may only be used for energy production at the end of
its life cycle or when it is not suitable for further material processing.

Switzerland has a long tradition of sustainable forest management [16], with forest areas and
growing stocks continuously increasing over the past 40 years [17]. In this context, the sustainable
use of wood fuel from forests can further help in reducing carbon dioxide (CO2) emissions. It offers
good opportunities to substitute energy and emission-intensive energy carriers and materials [18].
Moreover, it may support energy security and decarbonization strategies, while at the same time
addressing multiple societal issues, e.g., solutions for the transportation sector and independence from
imports [19,20]. Substituted products could be used for important high-end applications, such as the
clean energy transition [21,22], urgent medicine, and the cosmetics, textile, and hardware industries.

Since wood fuel is intended to favor decarbonization processes, it is important that the interaction
of forests with climate change is considered properly. Although younger, faster-growing forests usually
have a higher rate of carbon uptake, it is the older forests with long-rotation periods and protected
old-growth forests that have the highest carbon stocks. A key point for the sustainable use of wood
fuel from forests is therefore the “payback time”, i.e., the number of years it takes to offset the carbon
emissions generated by harvesting the forest and the emissions caused if used for bioenergy. From this
perspective, by regulating stand density and the age of forests, forest management has a substantial
role in ensuring sustainable and climate-smart use of forest wood resources. In order to balance out
society’s manifold demands on forestry [23,24], any estimates of biomass availability should consider
not only the theoretical potential, i.e., the upper limit of a given type of woody biomass available at
a certain point in time, but also the sustainable potential, i.e., the share of the theoretical potential
that can actually be used when other constraints (e.g. ecological) on management approaches are
accounted for [20].

Many Central European countries refrain from full-tree use and have restricted the removal of
small cutting volumes (non-commercial wood, e.g., slash, leaves and needles) in order to maintain
nutrient cycles, soil quality as well as biodiversity. Forming technical projections and aspirational goals
for future bioenergy can be difficult [23] but they are necessary, as stakeholders need reliable data on the
development of woody biomass in order to plan infrastructures required for implementing the use of
woody and non-woody biomass for energy [25]. In multiple studies, regional [26], national [20,27–30]
and international [5,6,31,32] potentials of woody and non-woody biomass for energy use have been
estimated. Results show that its use could be significantly increased in many countries already in
the short term [20,33] and will most likely result in multiple advantages (e.g., [15,34–37]). However,
as the availability of woody resources is limited [1,6], especially for energy purposes [20], knowledge
is urgently needed on their (current and projected) availability in quantitative terms as well as the
environmental and economic consequences of their use for bioenergy. While future estimates for
non-woody biomass types exist [38,39], available estimates of wood fuel biomass potentials refer to
specific types of woody biomass only, e.g., the biomass potential from short rotation coppices [40–42],
from forests and other landscapes in urbanized regions [42], as well as biogenic waste and residues [43].
Estimates of the future availability of all woody biomass types at the country level is still missing.

With this study, we aim to investigate the availability of woody biomass feedstock resources
originating from forests, trees from outside forests, residues and waste wood that can be used for wood
fuel today (2020) and in the long term (2035; 2050). For all woody biomass types, we describe the time
horizons and methods (frame), the connections between different wood types, their use, the uncertainty
and its effects on the potentials, and the influence of different key drivers (i.e., factors that may drive
the future availability of a given biomass type) on future estimates. The following specific research
questions are addressed:
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(i) What sustainable potential of woody biomass feedstocks can be used for wood fuel today (2020)
in the long term (2035; 2050), and what is the impact on the key drivers to predict future amount
of wood fuel?

(ii) What are realistic ranges of wood fuel predictions under different (a) forest management strategies,
(b) ecological restrictions (e.g., protected areas, harvest losses), (c) wood markets (material use,
recycling/upcycling) and (d) costs?

(iii) What are the consequences of additional wood fuel use (e.g., effects of different costs)?

We focus on Switzerland as a case study, using data from the Swiss National Forest Inventory
(NFI) [17] and models for future harvesting, forest management and wood fluxes. Additionally,
the established framework of the Swiss Competence Center for Bioenergy Research (SCCER BIOSWEET)
provided valuable results on the use of biomass for energy. Bridging and extending these activities
was a chance to assess the development of all woody biomass types for energy use with a nationwide
methodologically identical approach.

2. Materials and Methods

We applied a conceptual framework that explicitly incorporates the upper limit of annual wood
fuel use, resulting in the theoretical (TP) and the sustainable potential (SP). Both are determined by
ecological and socio-economic restrictions and assessed for four woody biomass types (wood fuel from
forests, trees from outside forests, wood residues, waste wood; cf. Section 2.2).

2.1. Derivation of Wood Fuel Potentials

To estimate the wood fuel potentials (i), we considered (ii) three forest management strategies and
(iii) three scenarios with different intensities of wood fuel use. Due to the influence of wood markets
on the share of harvested wood allocated to material use, the classification into assortments was
determined using (iv) two wood market situations. Finally, the consideration of (v) biomass-specific
key drivers enabled the estimation of wood fuel potentials not only for today (2020) but also for future
points in time (2035 and 2050) (Figure 1). In detail:

(i) Theoretical and sustainable wood fuel potentials. Biophysical constraints and forest management
strategies largely regulate the increment and possible stock reductions in forests and other
landscapes, resulting in the theoretical potentials (TPs), and thereby determine the upper limit
of annual wood fuel use. By subtracting relevant ecological and socio-economic restrictions,
the amounts of biomass available for wood fuel are reduced, resulting in the sustainable potentials
(SPs). SP provides a more realistic estimation of the amount of wood fuel produced annually and
is the consequence of balancing societies’ multifunctional forestry mandates [20,23,44]. However,
some restrictions have only indirect effects on wood residues and waste wood as they occur after
timber harvesting (dashed line in Figure 1). For both TPs and SPs, the specific assumptions made
for each woody biomass type are described in the respective sections. In the case of wood fuel
derived from forests, we additionally determined the ecologically sustainable potential (ESP),
which provides the upper limit if significantly lower costs, higher prices and consequently larger
revenues are expected and mainly ecological constraints dominate (cf. Figure 2).

(ii) Forest management strategies. Three forest management strategies were simulated by using
MASSIMO [45], a management scenario simulation model to project growth, harvests and carbon
dynamics of Swiss forests. It is based on empirical models that have been fitted with data from
the Swiss NFI [46], and it includes HeProMo [47,48], a model that can estimate potential timber
harvesting productivities and costs. Thus, it was possible to estimate the harvesting cost for each
NFI plot based on the amount of harvested timber, harvesting methods and transport distance
to the nearest forest road. It was initialized on 5086 NFI sample plots with productive forests,
based on NFI2 (1983–1985) and NFI3 (2004–2006) surveys. As MASSIMO includes random
components, we replicated the simulations 20 times. The version applied (NFI2/NFI3) does not
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take into account climate change but includes random components for storm damage, harvesting
and single tree mortality [45], thereby taking into account climate-induced extreme events that
can cause major damage and further impact the wood-processing industries and trades [49].
The following forest management strategies were calculated:

a. Business as usual, representing a continuous growing stock increase (CSI). It reflects the
current harvesting and management practices in Switzerland and therefore can be seen as
a reference scenario. It leads to increasing growing stocks in all Swiss regions except for the
Swiss Plateau.

b. Medium-intensity management, representing a moderate stock reduction (MSR). It targets
growing stocks of 300–310 m3/ha until 2046 and is intended to accelerate growth by reducing
the stock of the forests.

c. High-intensity management, representing a large stock reduction (LSR). It accounts for a high
demand for wood fuel from forests until 2046, leading to more frequent thinning and 40%
shorter rotations, with target growing stocks of 250 m3/ha and a range of 200–300 m3/ha.

(iii) Level of wood fuel consumption. Three scenarios of wood fuel use were applied to estimate realistic
ranges of TPs and SPs. They were calculated for all analyzed types of biomass and covered the
minimum, maximum and expected levels of wood fuel consumption. The largest deductions due
to the restrictions (i) result in the minimum, the smallest in the maximum and the deductions of
average restrictions in the expected potentials. Thereby, the approach accounts for uncertainties
and diverse viewpoints regarding the potentials use (cf. Figure 2).

(iv) Timber market situations. Two timber market situations were considered, wood energy oriented
(EO+) and less wood energy oriented (EO−). They differ in the sorting of the assortments
and include the differentiation between wood for energy and for material uses (Supplementary
Information S1, Table S5). The market situation EO+ represents a more energy-intensive use
directly after harvesting. In contrast, EO− represents a more cascade-oriented market, where a
greater share of wood is directed towards a preliminary material use and is available for energy
as wood residues or waste wood at the end of the life cycle. Both EO− and EO+ were defined in
coordination with the Swiss forestry and timber industry associations [50].

(v) Key drivers. The consideration of biomass-specific key drivers serves to project the wood fuel
potentials of all analyzed woody biomass types by using them as development indicators of TP.
We subtracted the relevant biomass-specific restrictions from future TPs to determine SPs. Detailed
information on the biomass-specific drivers is given in the corresponding Sections 2.2.1–2.2.4.
In some cases, information on the possible development of the present SPs was also available and
was applied directly.

 

Figure 1. Procedure for the estimation of theoretical and sustainable wood fuel potentials (TPs and
SPs) today (2020) and in the future (2035 and 2050).
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Figure 2. Definition of the different potentials and scenarios.

2.2. Assessment of Woody Biomass Types

Considering multiple utilization paths, the following four woody biomass types were considered
relevant for wood fuel in Switzerland [30,51]:

(i) Wood fuel from forests, which is extracted from forests and used directly for energy purposes.
(ii) Wood fuel from trees outside forests, which is from trees and shrubs cut and pruned on landscapes or

settlement areas outside forests.
(iii) Wood fuel from wood residues, which includes slabs, cuttings, sawdust and wood shavings that

arise in the wood product manufacturing and processing industries [52]. These residues are
mainly a by-product of saw-, planing- and gluing mills, carpentries and joineries within the
woodworking industry. The potentials depend on (i) the amount of wood harvested in forests,
and (ii) its assortments, which has the advantage of framing the potentials in relation to their
original source.

(iv) Wood fuel from waste wood, which is defined as waste (after the material use of a wooden
product) [53] and includes packaging made of wood, waste wood from building sites, demolitions,
renovations and conversions, and shredded wood, including sieve overflow.

2.2.1. Wood Fuel from Forests

Applied models. By using MASSIMO [45] and the integrated HeProMo model [47,48],
forest development, future growth, costs and harvesting potentials were simulated with time steps of
10 years, taking random storm damage, harvesting and single tree mortality into account (e.g., [45,54,55]).

Considered forest management strategies. All forest management strategies (CSI, MSR, LSR) and cost
categories were described and applied according to Section 2.1.

Calculation of theoretical potentials. The TPs (TP2020, TP2035, TP2050) correspond to the annual
increments including the amounts of stock reductions. To consider the range of the potentials for each
management strategy, the standard errors of the MASSIMO outputs for increment and the eventual
stock reduction were applied (Table 1). The future TPs were based on the MASSIMO results for the
periods 2027–2036 (TP2035) and 2047–2056 (TP2050). As MASSIMO assumes mortality rates of 15% for
CSI and MSR and 10% for LSR, mortality rates were re-added for the TP because trees that died could
have been used for energy before decomposition.

Table 1. Standard error of the increment derived from MASSIMO for the different time perspectives
for Switzerland.

Time/Management Strategy CSI MSR LSR

2020 2.6% 3.0% 3.4%
2035 9.2% 3.4% 3.4%
2050 11.7% 5.3% 2.9%

CSI = continuous growing stock increase, MSR =moderate stock reduction, and LSR = large stock reduction.
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Key drivers considered in the future TPs. We used MASSIMO’s standard implementations with
a storm periodicity of 15 years, as well as the key drivers forest area size, forest growth and wood
characteristics, all identified by literature review. Forest area size: Based on [56,57], we assumed a
forest area increase of 0.19% per year, which resulted in a summed up forest area increase of almost
3% for TP2035 and 6% for TP2050 compared to TP2020. Forest growth: While factors such as climate
change and N deposition may negatively impact tree growth in the lowlands [58,59], gross growth
may increase at higher altitude [60,61]. Based on [49,62] and the higher forest cover in the Alps than
in the lowlands, we assumed that both effects result in an increasing TP of 11% for TP2035 and 10%
for TP2050 compared to TP2020 (7.9 m3/ha [63]). Wood characteristics: MASSIMO outputs result in
different proportions of broadleaves and conifers over time. This shift in species influences the calorific
value and thus the energy content of the wood. In MASSIMO, the growth of small trees (below the
calliper threshold) is assumed to follow the same tree species-specific growth models as trees beyond
the calliper threshold of 12 cm diameter at breast height. This assumption facilitates the simulation of
fast-growing and shade-tolerant species in the regeneration, slightly tending to an overestimation of
conifers [55] (for more details on regeneration in MASSSIMO, cf. [45]).

Calculation of sustainable potentials. To determine the SPs of wood fuel from forests, we considered
restrictions with respect to mortality, reserve areas, harvest losses, material use and costs in the named
order [20]. Mortality: The share of mortality was subtracted according to the assumptions made
in the respective management strategies (CSI, MSR: 15% of increment; LSR: 10%). Reserve areas:
Based on [64], we considered todays forest reserve areas (4.8%) when estimating SP2020. To reflect
the minimum that policy aims for [65], we doubled the extend of reserve areas (~10%) for both
SP2035 and SP2050. Harvest losses: Based on data from [26], we calculated standard errors of harvest
losses and estimated the minimum SPs by subtracting the largest possible harvest losses and the
maximum potential, respectively (Table 2). Material uses: Based on [20], we applied the two wood
market situations “less wood energy oriented” (EO−) and “wood energy oriented” (EO+) for the
sorting of assortments into energy and material wood use (Supplementary Information S1, Table S5).
Costs: In addition to the harvesting costs divided into 25 CHF cost classes, costs for chipping and
transportation were considered (40 CHF/m3). For SP2020, the threshold for economically acceptable
harvesting, chipping and transportation costs was set, based on [20], at today’s market price of
120 CHF/m3 for wood production areas and 190 CHF/m3 for protection forest areas, accounting for
subsidies given for the management of protection forests. To account for the minimum and maximum
potentials we assumed ±10 CHF/m3 of the total costs.

Table 2. Range of harvest losses (minimum and maximum).

Harvest Losses Conifers Broadleaves

Merchantable Brushwood Merchantable Brushwood

Minimum wood
fuel SPs 9% 61% 16% 55%

Maximum wood
fuel SPs 7% 55% 10% 45%

Calculation of ecologically sustainable potentials (ESPs). In addition to TP and SP, we determined the
situation of the sustainable potential for wood fuel from forests when costs are neglected. Therefore,
cost restrictions were not subtracted from TPs. This results in the ESP, which considers ecological
restrictions only and is in line with [20].

2.2.2. Wood Fuel from Trees Outside Forests

Applied models. A model was established based on geographic information systems (GIS),
calculating wood growth per surface using a 100 m × 100 m grid of Switzerland [51].
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Considered forest management strategies. None, as the procedure estimates wood from trees
outside forests.

Calculation of theoretical potentials. To estimate TPs, an increment was assigned to the 28 identified
wood-stocked categories outside forests (Supplementary Information S2, Table S6) shown in the areal
statistics [66]. Increment accounts for site characteristics, such as precipitation, soil conditions and
exposure of the trees [67]. Specifically, we assumed optimal growth of each stocked category based
on literature review and expert surveys (Supplementary Information S2, Table S7). In a next step,
we corrected optimal growth values with realistic coverage levels (Supplementary Information S2,
Table S7, column 6) and applied the dependence of increment on altitude [63] using net growth factors
(Supplementary Information S2, Table S8). Therefore, we normalized the net growth. The altitude
class with the highest growth value of each region was assigned ”1”, while net growth factors were
assigned proportionally smaller values for the others according to the growth measurements of the
NFI [63]. Afterwards, net growth factors (Supplementary Information S2, Table S8) were assigned
to all of the 4.1 million georeferenced sample points of the areal statistics [66]. The results were then
joined with the digital elevation model of Switzerland [68], thereby assigning an altitude to each of the
areal statistics sample points. Finally, the combination of the stocked areas outside forests with altitude
and the corresponding net growth factors (Supplementary Information S2, Table S8, lower part) made
it possible to estimate net growth in [m3/ha*a] for each of the georeferenced sample points of the areal
statistics. Thus, we multiplied the growth of realistic coverage levels of the 28 wood-stocked categories
(Supplementary Information S2, Table S7) with their net growth factors while also accounting for their
location and altitude (Supplementary Information S2, Table S8). When summed over all of Switzerland
this equals TP.

Key drivers considered in the future TPs. Increment: For wood from trees outside forests, we made
the same assumptions as for wood fuel from forests, i.e., an additional 11% woody biomass available
for the TP2035 and 10% for the TP2050 compared to the TP2020 (Section 2.2.1). Wood characteristics:
The wood from landscape maintenance was assumed to be 90% broadleaves for the TP2020 [51]. As this
percentage is quite high, it was assumed to stay at 90% for TP2035 and TP2050. Areal changes: To quantify
the wood-stocked areas outside forests for TP2035 and the TP2050, we linearly extrapolated the past
development based on the areal statistics from 1979/1985 and 2004/2009 [66]. The areas increased by
approximately 12% between these two periods, which corresponds to an annual average increase of
0.46%. This total increase was distributed equally across all types of wood from trees outside forests
until 2035. However, stagnation in the year 2035 was assumed.

Calculation of sustainable potentials. Based on the results from the TPs, restrictions were considered
that apply when technical-economic and socio-political requirements were included. In particular,
harvesting, chipping, and transportation costs were important, and all of which largely depend on
the accessibility of the area. Technical-economic accessibility: The distance of the landscape areas to the
road network [69] is important when considering forwarding distances. Therefore, we considered the
distances between the wood-stocked areas on landscapes and the nearest road (>2 m width). In cases
where the distance was <50 m, 100% of the wood was considered for the TP, whereas 60% of the TP
was considered where the distance was 50−150 m and no wood was considered where the distance
was >150 m. This is in line with [51,67]. Ecological socio-political accessibility: As harvesting in steep
terrain is avoided whenever possible, for worker safety reasons and prevention of erosion, the slope
was calculated with the digital elevation model [68]. In general, we assumed that sites with a slope
gradient of more than 70% were harvested only if necessary for safety reasons (e.g., better view along
roads or in urban areas, Table 3).

Key drivers considered in the future SPs. Areal changes: The annual increase of 0.46% from former
areal statistics was applied (cf. key drivers in the future TPs). As for the TPs, we assumed this increase
would persist up to the year 2035 (SP2035), resulting in an additional 12% that was distributed equally
across on all stocked categories of trees outside forests (Supplementary Information S2, Table S7).
Availability: We assumed similar road networks and forwarding distances as for SP2020 for future
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points in time (SP2035 and SP2050). We also assumed that there were no changes in topography or
slopes within these timeframes. Uncertainty: We chose high uncertainty values of 20% for today (2020),
40% for 2035 and 60% for 2050 (for more details on the technical assessment, cf. [51]).

Table 3. Technical limitations due to slopes.

Categories of Wood from Landscapes Modelling Notes

Built-up areas All the areas are considered for the
calculation of SPs

Maintenance and management
due to safety aspectsTransportation areas

Agricultural areas, tree and brush
vegetation Only areas with a slope <70%

were considered
Safety aspects not relevant

Groves, hedges
Embankments (of rivers and lakes)

2.2.3. Wood Fuel from Wood Residues

Applied models. Wood harvesting potential. (i) We applied the models MASSIMO and HeProMo
(cf. Section 2.1) and used the same approach as for “wood fuel from forests” (Section 2.2.1), neglecting
the assortment (market situations; EO−, EO+) because material, wood-processing and energy uses
are part of the model “wood fluxes Switzerland”. (ii) This model is based on [70] and includes the
quantification of wood residues available for fuel as all wood residues occurring along the value chain
of the wood-processing and woodworking industries (Figure 3). The model is divided into three main
pillars (wood energy, stem wood and industrial timber). For the determination of wood residues for
wood fuel, we summed up wood residues intended for energy use (Figure 3, framed in red). Linkage of
the two models. (i), (ii) Wood harvesting SPs and TPs from (i) were used as possible wood harvest
(cf. wood harvesting potential, Figure 3) input in model (ii) for each point in time (2020, 2035, and 2050).
This combination allowed the distribution of wood harvesting TPs and SPs (i) based on five-year
average values of the wood fluxes in Switzerland (ii) (Figure 3) [70].

Considered forest management strategies. The moderate stock reduction (MSR) strategy was used,
as it is expected to be favored by the forestry and timber industry [20]. Additionally, it allows temporary
surpluses for the SP2035 and SP2050 coming from increased harvests due to stock reductions until 2046,
while not undercutting the SP2050 coming from the CSI (business as usual) strategy and still providing
compartments for wood processing.

Calculation of theoretical potentials. TPs consider all wood residues to be used directly for energy.
This means that parts used for further material production and unidentifiable quantities in terms of
energy versus material use (Figure 3, dashed in red) are entirely attributed to the TPs (cf. applied models).

Key drivers considered in the TPs. As TPs of wood fuel from forests (Section 2.2.1) are similar to TPs
of wood harvesting potentials (i) (cf. applied models), we considered no further drivers.

Calculation of sustainable potentials. SPs consider all fluxes of wood residues that are no longer used
for reprocessing (Figure 3, framed red). Concerning wood harvesting SPs, the restrictions of mortality,
reserve areas, harvest losses and costs were considered in line with the procedure used for wood fuel
from forests (Table 4, respectively Section 2.2.1).
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Figure 3. Wood fluxes in Switzerland ([70] modified, 2010-2014, five year average). Shown are the
shares of the wood residues for recycling and energy in relation to the forest wood harvesting potential.
The quantities of wood residues used to generate energy are framed in red. Bark (framed in green)
was not part of the wood residues estimation, as its original source is in the forests (Section 2.2.1).
It corresponds to approximately 8% of the forest wood utilization potential.
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Table 4. Minimum, expected and maximum restrictions for the calculation of sustainable forest
wood potentials.

Restriction Specification Minimum Expected Maximum

Mortality [%] -/15/-

Reserve areas [%]

SP2020 ~10.0 4.8 4.8

2035 and 2050 ~10.0 ~10.0 ~10.0
SP2035/2050 ~10.0 ~10.0 ~10.0

Harvest losses [%]

Conifers brushwood
(incl. bark) 61 58 55

Conifers merchantable 9 8 7
Broadleaves brushwood

(incl. bark) 55 50 45

Broadleaves
merchantable 16 13 10

Costs [CHF/m3] Wood production forests 110.0 120.0 130.0
Protection forests 180.0 190.0 200.0

2.2.4. Wood Fuel from Waste Wood

Applied models. A survey of all waste wood disposal companies and waste wood transporters
within Switzerland was conducted [71] to quantify the amount of waste wood and its potentials for
energy use. The survey was based on [72] and was adapted and implemented for Switzerland. In total,
295 companies reported about their activities in the transport and disposal of waste wood in 2014.
Based on this survey, data for 154 transportation and disposal companies that did not respond were
projected. This provided the basis for the estimation of the waste wood energy SPs and TPs (for details,
cf. [71]).

Considered forest management strategies. As the estimation of waste wood potentials is based on an
actual survey, the situation is comparable to the strategy CSI with a considerable time lag because
waste wood occurs at the end of the life cycle. However, as many semi-finished and finished products
are imported [73], the domestic production has minor importance.

Calculation of theoretical potentials. The TPs correspond to the total market volume. The market
volume reflects the maximum quantity of waste wood available on the market, including both domestic
use and export. It contains the quantities used within the country and the quantities sold abroad to
end users. Today, 0.3 M t (0.56 M m3) of waste wood, or 31% of the market volume, is exported [71].
This is important because exported waste wood could be used domestically.

Calculation of sustainable potentials. The SPs reflect the cascading (material use) as well as the
appropriate disposal of contaminated waste wood inland and abroad. We determined the amount of
waste wood already used for energy production in Switzerland and added the amount exported and
used for energy production abroad (15% of the market volume or 0.15 M t (~0.28 M m3); [71]).

Key drivers considered in the TPs and SPs. It was assumed that a growing population will increase
the demand for wooden products (e.g., furniture) and, consequently, will produce more waste wood.
Therefore, we accounted for population growth: based on [74], Switzerland’s population (8.3 M
permanent residents) is expected to increase by 19% by 2035 (approx. 1% annually) and by 23% by 2050
(approx. 0.76% annually), with deviations in these scenarios of 5%, and 10%, respectively. As other
investigations of the waste wood already used for energy [75,76] show results with variations of 10%
for the potential, we added an additional 10% uncertainty to our results.

2.2.5. Calculation of Energy Contents

General remarks. Volume- or weight-based data on wood harvests from forests and landscapes,
wood residues, or wood wastes were converted into energy content (E) (Joules [J]). Depending on
the biomass type, different values for the energy content per volume or weight were applied. If not

36



Sustainability 2020, 12, 9749

indicated otherwise in the respective sections, the following values were used. The energy content of
fresh forest wood is 2260 kWh/t for conifers and 2160 kWh/t for broadleaves [77]. For the conversion
of kWh/t into J, we used the factor 3.6 × 106 [78]. For fresh wood from forests, we applied volumes
of 0.758 t/m3 for conifers and 1.116 t/m3 for broadleaves. For air-dry wood, we applied volumes of
0.52 t/m3 for conifers and 0.74 t/m3 for broadleaves [51].

Wood fuel from forests. The energy content is given for fresh wood of conifers and broadleaves:

Econi f ers[J] = volumeconi f ers
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Wood fuel from trees outside forests was estimated based on weight. The energy content was given
for fresh wood of conifers and broadleaves. The ratio of conifers to broadleaves was assumed to be
1/10 (cf. Section 2.2.2).

Econi f ers[J] = weightconi f ers[t] ∗ 2260
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]
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]

Ebroadleaves[J] = weightbroadleaves[t] ∗ 2160
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]
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[ J
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]

Wood fuel from wood residues. The wood used for energy directly after production processes in
sawmills or energy plants was assumed to have a high moisture content (50%), whereas residues from
further processing were assumed to be air dry. For TPs, 66% of the wood residues are freshly used
and 34% are used later on and therefore considered air dry. For SPs, 60% are freshly used, while 40%
come from further processing (air dry) (based on Section 2.2.3, model “wood fluxes Switzerland”).
The cutting of conifers and broadleaves occurs in a ratio of 20/1 (roundwood cutting ratio, sawmill
residues) [79]. This ratio was also used for wood residues from woodworking companies.

For TPs:
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Ebroadleaves[J] = 0.66 ∗ volumebroadleaves
[
m3
]
∗ 1.116

[
t

m3

]
∗ 2160

[
kWh

t

]
+ 0.34

∗ volumebroadleaves
[
m3
]
∗ 0.74

[
t

m3

]
∗ 2160

[
kWh

t

]
∗ 3.6 ∗ 106

[ J
kWh

]
For SPs:

Econi f ers[J] = 0.60 ∗ volumeconi f ers
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Wood fuel from waste wood was estimated based on weight. The primary energy content was

calculated with the calorific value for conifers of 4.02 kWh/kg for conifers and 3.86 kWh/kg for
broadleaves (moisture content 20%) [77]. Significantly more coniferous wood is used for processing.
Therefore, we used a conifer to broadleaf ratio of 5/1 [73].

Econi f ers = 0.8 f or proportion
o f coni f ers

∗weightwaste wood[kg] ∗ 4.02
[

kWh
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]
∗ 3.6 ∗ 106

[ J
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]
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Ebroadleaves = 0.2 f or proportion
o f broadleaves

∗weightwaste wood[kg] ∗ 3.86
[
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]
∗ 3.6 ∗ 106
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]

3. Results

3.1. Wood Fuel from Forests

TPs and SPs show large differences in wood fuel from forests. Considering the different forest
management strategies, the respective scenarios, and the reference year of the availability, from 10%
up to a considerable 45% of SPs are available from TPs for direct energy use only.

3.1.1. Theoretical Potential

The TP of wood fuel from forests is between 75 and 132 PJ/a for the next 30 years, depending on
the management strategy and reference year. Today and in 2035, the strategy LSR offers the greatest
potential. Between 2035 and 2050, however, the volume is expected to decrease significantly and the
potentials of the strategies CSI and MSR will exceed the potential of the strategy LSR in the long term
(Figure 4; Supplementary Information S1, Table S1).

Figure 4. Development of the theoretical and sustainable potential (minimum and maximum) of wood
fuel from forests for energy use in Switzerland from 2020 to 2050.

3.1.2. Sustainable Potential

The SP of wood fuel from forests is between 9.1 and almost 47.3 PJ/a for the next 30 years,
depending on management strategy, timber market situation, the point in time examined and whether
deductions are considered for mortality, reserve areas, harvest losses, material uses and wood harvesting,
as well as chipping and transportation costs (Figure 4; Supplementary Information S1, Table S2).
This represents a wide range of wood fuel that might be available from forests. The management
strategy LSR leads to the largest SP in 2020 and 2035. It decreases, however, by 2035 and 2050 (Figure 4).
Wood fuel potentials from the management strategies CSI and MSR will exceed those from LSR in the
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long term (Figure 4; Supplementary Information S1, Table S2; year 2050). The lower boundaries of
the potentials are still within the range of those corresponding to LSR (Figure 4; CSI, MSR). This is
mainly due to the uncertainty range given by the multiple replications of the scenario calculations
(standard error), harvest losses, material uses of the wood (EO+wood energy oriented vs. EO− less
wood energy oriented) and costs or revenues of±10 CHF/m3 (=9.5 €/m3 or 10.3 USD/m3, actual exchange
rate on 13.04.2020).

Neglecting costs results in the ecologically sustainable potential (ESP; cf. Section 2.2.1) leads to
considerable surpluses (Figure 4 (grey lines) and Supplementary Information S1, Table S3). Comparing
the ESPs of the different forest management strategies with the corresponding SPs (considering costs)
of the CSI (business as usual) indicates surpluses between 64% and almost 200% for the minimum,
60% and 212% for the expected, and 32% and 148% for the maximum scenarios (Supplementary
Information S1, Table S4).

3.2. Wood Fuel from Trees Outside Forests

Considering the respective scenarios and time points, TPs and SPs of wood fuel from trees outside
forests can be expected to have only slightly higher availabilities in the future. Between 50% and 52%
of SPs are available from TPs.

3.2.1. Theoretical Potential

The TP of wood fuel from trees outside forests is between 9.4 and 11.7 PJ/a, for the next 30 years
until 2050 (Figure 5; Supplementary Information S2, Table S6). The wood fuel potential increases
slightly until 2035 and then remains at the same level until 2050. This goes along with the higher growth
increments of the individual trees expected due to climate change and the ingrowth of non-woody
landscape areas.
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Figure 5. Development of the theoretical and sustainable potential of wood fuel from trees outside
forests in Switzerland from 2020 to 2050.

3.2.2. Sustainable Potential

The SP of wood fuel from landscapes is between 4.8 and 6.0 PJ/a, for the next 30 years for the
expected scenario (Figure 5; Supplementary Information S2, Table S6). The potential increases slightly
until 2035 and then remains at the same level until 2050.

3.3. Wood Fuel from Wood Residues

TPs and SPs show very large differences in wood fuel from wood residues. Considering the
respective scenarios and the time point of the availability, only 4–14% of SPs are available from TPs
for energy use. Along the value chain of wood harvesting, SPs and TPs result in wood residues for
energy of 37% (SPs) to 47% (TPs). At the semi-finished product level, wood residues for energy arise
from processing industrial wood, mainly by the production of chipboard and fiberboard (SPs: 17%;
TPs: 35%). The difference between TP and SP occurs because an optimistic cascade of use is applied to
SPs, as recommended by [13–15]. Wood residues for fuel resulting from the production of solid wood
and wood-based materials have a share of 21% (TPs) to 26% (SPs) and include sawn timber, veneer and
plywood. Further, small quantities of wood residues occur as cellulose and wood pulp in the paper
and cardboard industry.

3.3.1. Theoretical Potential

The TP of wood fuel from wood residues is between 53.9 and 68.8 PJ/a, for the next 30 years until
2050, depending on the standard error of the forest management strategy MSR, and the reference year
(Figure 6; Supplementary Information S3, Table S9) and current wood market conditions (Section 2.2.3).
The TP (Figure 6; Supplementary Information S3, Table S9) shows the upper limit of wood residues for
energy use, if the total TP of forest wood is exploited for material use.
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Figure 6. Development of the theoretical and sustainable potential of wood fuel from wood residues
for energy use in Switzerland from 2020 to 2050.

3.3.2. Sustainable Potential

The SP of wood fuel from wood residues is between 2.4 and 9.1 PJ/a, for the next 30 years until 2050,
depending on the forest harvests in reserve areas, costs and the reference year (Figure 6; Supplementary
Information S3, Table S9). The SP represents a wide range of wood fuel from forests being available
each year, also considering the wood market situation. The SPs of wood residues continuously decrease
until 2050 to a minimum of 2.4 PJ/a and a maximum of 5.9 PJ/a. The forest wood harvesting potentials
were used as input for the model (cf. “wood fluxes of Switzerland”, Section 2.2.3) and are shown in
Supplementary Information S3, Table S10.

3.4. Wood Fuel from Waste Wood

A large share of the TP of waste wood is sustainably available for wood fuel use. Considering the
respective strategies and the time point of the availability, a considerable (82–84%) of SPs are available
from TPs for energy use.

3.4.1. Theoretical Potential

The TP of wood fuel from waste wood ranges from 12.9 to 20.9 PJ/a, for the next 30 years
(Supplementary Information S4, Table S11). At first, TP increases from 14.3 PJ/a (2020) to 16.5 PJ/a
(2035) for the expected scenario. However, after 2035, it increases at a slower rate to 17.1 PJ/a until 2050.
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Compared to today (TP2020, expected scenario), in 2035 the minimum potential is higher by 3.5% and
the maximum by 30%. In 2050, the minimum potential is 7% higher, while the maximum is 32% higher.
Minimum quantities are 11% lower than the expected scenario and the maximum quantities are 23%
higher in both 2035 and 2050 (Figure 7).

 

Figure 7. Development of the theoretical and sustainable potential of wood fuel from waste wood for
energy use in Switzerland from 2020 to 2050.

3.4.2. Sustainable Potential

The SP of waste wood ranges from 10.6 to 17.5 PJ/a, for the next 30 years until 2050 (Figure 7 and
Supplementary Information S4, Table S11). A slight increase in the potentials is expected. Compared to
today (SP2020), the minimum potential in 2035 is 3.5% higher, while the maximum potential is 19%
higher. In 2050, the minimum potential is 19% higher and the maximal potential is 49% higher.
Compared to the expected scenario, the minimum and maximum quantities are initially (in 2020)
10% lower and higher, respectively, the minimum potentials in 2035 and 2050 are 11% lower, and the
maximum potentials are 26% higher in 2035 and 25% higher in 2050.

3.5. All Woody Biomass Types

The TP of wood fuel from all biomass sources is between 93.1 and 148.5 PJ/a, for the next
30 years until 2050, depending on the forest management strategy, forest policy implementation,
exporting/importing and the reference year (Figure 8 and Supplementary Information S5, Table S12).
The TP gives the upper limit of domestic wood for the energy use, not considering any material
purposes. As wood residues and waste wood have their origins in forests and other landscapes, only
these two primary sources need to be summed up to account for TP.
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Figure 8. Development of the theoretical and sustainable potentials of all woody biomass types for
wood fuel in Switzerland from 2020 to 2050. * Wood residues and waste wood have their origins in forest
wood and wood from trees outside forests. Therefore, the TP of all domestic woody biomass consists
only of the TPs of forest wood and wood from other landscapes. For detailed results, cf. Supplementary
Information S5, Table S12.

The SP of wood fuel is between 26.5 and 77.8 PJ/a for the next 30 years until 2050, depending on
the forest management strategy, development of costs, harvest losses, forest policy implementation
(e.g., reserve areas, use of wood from landscapes), exporting/importing and the reference year (Figure 8,
Supplementary Information S5, Table S13).

Compared to the SP2020 for the management strategy CSI, surpluses of 43% to 47% occur when
the management strategy MSR is applied, while the implementation of LSR results in surpluses of
84–89% (Supplementary Information S1, Table S3) for 2020. For SP2035, potentials 22% to 49% higher
can be expected compared to continuation with the management strategy CSI. The large range can
be explained mainly by the different sorting of wood compartments for material and energy use
according to the EO− and EO+ market situations, the cost elasticity of 20 CHF/m3, the different
assumptions for the minimum and maximum harvest losses, and the larger deductions for reserve
areas (cf. Section 2.2.1). For SP2050, the potentials resulting from stock reduction strategies (MSR, LSR)
decrease slightly compared to 2035. However, while potentials for MSR are within the same range as
those for CSI, the potentials for LSR are lower, especially when considering an EO−market situation
(Figure 8; Supplementary Information S5, Table S12).

Overall, the largest amount of wood fuel is provided from forests, but this share decreases
continuously in the future. At the same time, the range of the amount of wood fuel from trees
outside forests becomes broader. Potentials in the minimum scenario become lower and those in the
maximum scenario become higher. Moreover, the share of wood residues decreases during the next
30 years, while the share of waste wood increases at least in the last time step (2035–2050) (Figure 9;
Supplementary Information S5, Table S13).
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Figure 9. Development of the sustainable potentials (SPs) of wood fuel for all woody biomass types in
Switzerland from 2020 to 2050. For detailed results, cf. Supplementary Information S5, Table S14.

4. Discussion

The current and long-term fuel potentials of woody biomass are compared with the annual gross
energy consumption in Switzerland and with all biomass types (including non-woody) (Section 4.1).
Since forest wood is the main source of all the woody biomass types, we analyze the potentials with
regard to their original source but also to the subsequent timber industries (wood residues) and the
final use of wooden products (waste wood) (Section 4.2). We differentiate between levels of wood fuel
consumption by comparing the different assortments of wood compartments, which makes it possible
to discuss the contribution to a more circular or cascade-oriented wood fuel market (Section 4.3).
Finally, the key drivers are put into context of the wood fuel potentials and are discussed critically
(Section 4.4).

4.1. Context of Wood Fuel Potentials

Today, the share of wood fuel is 3.8% of the total gross energy consumption in Switzerland
(~1100 PJ) [80]. This corresponds closely to the SPs for the CSI (business as usual) strategy in 2020,
according to the “expected” level of wood fuel consumption (CSI: 44.7 PJ, Figure 9, Supplementary
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Information S5, Table S13). In the long-term perspective, the SP of CSI is rather stable (2035, 46.7 PJ; 2050,
42.6 PJ). Estimations for alternative, more intensive forest management strategies (MSR, LSR) show
biomass surpluses in the short (2020) and mid-term (2035) compared with values for CSI. With these
management strategies, the minimum SPs estimated for the wood consumption (SP2020 and SP2035,
MSR: ~40 PJ; LSR: ~45 PJ) are already able to cover the current Swiss wood fuel demand for the next
15 years. Considering the “expected” or the more optimistic “maximum” scenarios the strategies
fostering stock reductions (MSR, LSR) offer additional potentials on a temporary basis during the
energy transition phase. In contrast to the LSR, however, the MSR does not result in a considerable
decline in wood fuel from forests expected in 2050 (Table 5). These alternative strategies could result
in larger shares of sustainable woody biomass (SPs) compared to the actual annual gross energy
consumption of 3.7–6.5% (MSR) and 4.0–7.1% (LSR) in the next 15 years (2020, 2035).

Table 5. Overview of sustainable potentials (SPs) of woody biomass and the different forest management
strategies for the three time points (2020, 2035, and 2050). Shown are the minimum and maximum
values in [PJ] primary energy. For more details (e.g., different potentials, scenarios and shares),
see Supplementary Information S5, Table S12 (TPs); Supplementary Information S5, Table S13 (SPs);
and Supplementary Information S6, Table S14 (shares of woody biomass types, TPs and SPs).

Forest Management 2020 [PJ] 2035 [PJ] 2050 [PJ]

CSI *1 34.1–59.5 33.6–64.8 29.8–60.3
MSR *1 40.1–64.5 42.7–71.8 30.4–59.4
LSR *1 45.9–75.1 43.5–77.8 26.5–52.9

*1 CSI: continuous stock increase (business as usual); MSR: moderate stock reduction; LSR: large stock reduction.

Burg et al. [39] assessed TPs and SPs of future wet biomass (non-woody) in Switzerland using a
similar approach. Starting with the current biomass potentials [30], they estimated future availability
and variation of resources by taking into account selected drivers and their projected future development.
Combining the results of our study with those form [20,30,39] allowed current and future potentials for
all biomass types (woody and non-woody) to be presented in one graph (Supplementary Information
S6, Figure S1; Supplementary Information S6, Table S14). The share of sustainable woody biomass
compared to all sustainable biomass is 42–64% for the next 15 years and declines to 37–57% by 2050.
At the same time, all domestic biomass contributes to the Swiss gross annual energy consumption,
with sustainable potentials between 7% (72 PJ) and 11% (122 PJ).

4.2. Alternative Forest Wood Management Strategies

Forest wood and the lower wood fuel potentials of trees outside forests are the source of all
domestic woody biomass and its subsequent uses. As forest wood contributes the largest share,
the amount available for wood fuel use depends largely on the forest management strategy applied.
Among the three strategies examined here, MSR tends to result in faster growth by reducing the share
of mature forests without hampering forest resources and future wood potentials [20]. Shorter rotation
time results in younger forests, with faster growth, and a significant increase in the amount of
wood suitable for energy or material use. This also results in smaller amounts of carbon stocked
in the above-ground biomass. Increasing wood turnover in forests may lead to significantly higher
carbon sequestration rates, larger harvesting amounts, and additional carbon storage in wooden
products if subsequent timber industries are able to process additional wood amounts and emission-
and energy-intensive materials and fuel are substituted with wooden material. The coupling of
wood harvests from forests with the potential from wood residues (Section 2.2.3) implies, however,
the domestic processing of surpluses. We assumed that larger wood harvests under a stock reduction
scenario (MSR) can be processed by the industry. Evidence for this assumption at least in the short
term is given, for example, by the large wood amounts derived during past storm events such as
Kyrill (2007) or Burglind (2018). In the subsequent years, cutting amounts in saw mills significantly
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increased due to salvage logging [52,81], despite the steady decline of processing companies (N = 958,
1991 vs. N = 347, 2017; [52]). Benefits to decarbonization strategies of the Swiss government [82]
and the creation of local and sustainable value-added chains are largely dependent on waste wood
processing efficiency, wood storage effects (in the case of biogenic carbon accounting), and available
cascading options [15].

To reduce the environmental impacts of wood use, Mehr et al. [15] suggest a high-quality wood
cascade of wooden beams as a promising recycling path. Other evidence for an implementation of
the MSR strategy is that it is expected to be favored by the forestry and timber industry because it
leads to improved stability of forest stands against windthrow, pathogen calamities and forest fires,
as well as greater diversity of structures and species, and enhanced flexibility in changing tree species.
This is particularly seen as a consequence when MSR is combined with shorter rotation times or
in response to climate change [20,83]. Today, the degree of salvage loggings in Switzerland due to
severe bark beetle calamities (1.4 M m3 in 2019/2020) [84] points to a more intensive management.
Large-scale integration of stock reduction management in Switzerland is difficult due to the small
structures of forest enterprises and large number of small private forest owners, as well as a lack of
wood demand [85], but this strategy could benefit from Switzerland’s large share of public forest
area ownership of 71% [73]. Despite its short-term advantages from the view of the potentials alone,
the high-intensity management strategy LSR would result in a significant restructuring of forests due to
40% shorter rotation times [20] and accordingly thinner wood compartments, limiting the substitution
of more energy-intensive and environmentally harmful materials such as concrete [86]. In the long
term (2050), limited possibilities for the substitution of emission- and energy-intensive materials may
also lead to less wood fuel from the wood-processing industries (wood residues) and the end-of-life
products (waste wood). Therefore, long-term carbon storage in forests and wooden products and
added values from woodworking industries are at risk.

Harvesting transportation and chipping costs largely influence the SPs of the different forest
managements [20]. We calculated the ecologically sustainable potential (ESP), which represents a
“theoretical” potential where the only limitations considered are those imposed by measures to protect
biodiversity (in its legal specifications, such as protected areas; [64]) and dead wood (mortality; [45]),
including recommendations on harvest losses ([26]; cf. Section 2.2.1) leading to dead wood for flora
and fauna and therefore soil nutrients. In this sense, ESP enables the quantification of an upper limit
when costs are not a restriction, or revenues increase. The surpluses of ESPs result compared to the
corresponding SPs (forest management strategy, scenario, year) were +32% to +75% for CSI, +39% to
+156% for MSR and +17% to +200% for LSR (Supplementary Information S1, Table S4).

As a shift in species influences the calorific value and thus the energy content of the wood.
Each additional volume unit of broadleaves instead of coniferous wood results in 40% larger wood fuel
per unit if values for broadleaves (1.116 t/m3; 2160 kWh/t) and for conifers (0.758 t/m3; 2260 kWh/t) are
applied (references cf. Section 2.2.5). Today, the proportion of wood fuel consists of 31% broadleaves.
They account today for 72% of logs and 62% of chips [73]. Over the whole time period (2020−2050)
within the three scenarios, the variations in broadleaves and conifer proportions are small (<±1%).
However, between the scenarios, broadleaves have a share on the stocks of 39% (CSI), 40% (MSR) and
43% (LSR) and on increment of 45% (CSI), 46% (MSR) and 47% (LSR).

Trees outside forests and shrubs cut can also contribute to wood fuel potentials. Thus, it is
worth mentioning that the main reasons for utilization are safety aspects (e.g., visibility along streets),
increased biodiversity, biotope conservation or flood protection [51,67]. As no detailed inventory on
the growth of Swiss domestic trees outside forests was available, we assumed values of forest trees to
account for growth changes with altitude and had to rely on expert interviews for growth on optimal
locations, conducted in [67]. This explains the assumption of the high uncertainty ranges for the
minimum and maximum potentials of 20% (TP2020) to 60% (TP2050) for wood from trees outside forests
(Section 2.2.2). The wide ranges may be of little importance as the share of wood from these landscapes
is rather small compared to the amounts of other woody biomass types, but they indicate the high
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degree of uncertainty given that literature and data availability of the main input parameters in areas
outside forests (e.g., annual growth) are extremely limited.

4.3. Level of Wood Fuel Consumption

The assortment of wood compartments on wood markets is highly relevant for the quantity of
wood fuel provision, its allocation to material purposes, of use and their added value along the process
chain [15,20,50,87]. Today, the allocation of assortments (for energy and material use) is dependent on
the demand for material products made from wood and the needs and possibilities for energy production
also determine the degree of cascade use and circular economy of wood products. While circular
economy focuses on how resources can be kept in the system (minimizing primary resources),
the cascade concept places the focus on various (hierarchical) end-of-life utilization options. By focusing
on wood and other bio-based resources, a cascade concept could be considered to form a connection
between circular economy and the (wood or) bio-economy, fostering an inclusive, circular bio-economic
vision in the future [88]. Therefore, the discussion on applying a less wood energy-oriented (EO−) or
wood energy-oriented (EO+) market situation, including the subsequent woodworking industries,
may offer integration strategies for wood fuel use in cascade and circular concepts.

The EO−market situation assorts larger shares of wood compartments (roundwood) for material
processing. This increased use of wood for materials directly after harvests creates additional wood
residues from processing but also allows for the reuse and recycling of wood residues and wooden
products [15]. The basis for reuse and recycling is given by physical properties of wooden products,
such as particle size or the presence of chemicals [89]. In an EO−market, this is 20–30% of the thicker
R4–R6 (0.40–>0.60 m) compartments and 15–20% of the thinner R1–R3 (0.10–0.39 m) compartments
in the case of conifers and for 30–40% of all roundwood (R2–R6, 0.20–>0.60 m) compartments for
broadleaves (Supplementary Information S1, Table S5). No quantities for material use are considered
for bark, brushwood and the thinnest class of broadleaves (R1, 0.1–0.19 m) in either market situation [20].
This may overestimate the sustainable wood fuel potentials for energy from forests because small
wood parts can currently also be used for material processing [90]. For the other compartments,
the EO−market requires (as also surpluses from forest management) the necessary processing capacity
of sawmills and the corresponding demand for sawn timber of the subsequent wood-processing
companies. In Switzerland today, some processing industries are absent to account for complete
regional cascades [13]. In particular, many material-processing companies have closed (e.g., PAVATEX)
or moved abroad due to excessively high operating costs, e.g., due to the strong Swiss Franc [91].
These industries are considered important for implementing full concepts and combining circular
economy with cascade options including final energy use. However, the price of wood energy has been
high for many years and exceeds the price of industrial wood [85], and it is also a consequence of the
huge amounts of imported (finished) wood products, as production costs abroad are lower. This may
lead to even lower prices for domestic wood materials and construction wood and promote energy
use of also thicker wood compartments directly after harvests. In particular, imports are concentrated
on the amounts of finished or semi-finished wooden products [92] and therefore reduce the need for
domestic wood for material processing. As a result, domestic wood resources are sometimes used
too early in the process chain to optimize wood use for energy (e.g., in terms of full carbon storage,
added value or substitution). This means wood suitable for material purposes is used for energy
instead. Furthermore, large transportation distances hinder sustainable and climate-smart use of wood
trading. By exporting the raw timber, coupled wood residues and future wastes occurring within the
next processing steps (and their added value) are also lost, as residues and wastes occur abroad in the
subsequent timber processing steps [51]. Finally, the importing of semi-finished products, sawn timber,
plywood, chipboard, fiberboard, construction and packaging materials, wooden products and furniture
(e.g., IKEA) leads—after further processing or at the end of their life cycle—to additional potential
wood fuel quantities from abroad. By assessing waste wood directly at the facility sites, our estimates
also take into consideration these imported and exported quantities.
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From an environmental point of view, waste wood processing efficiencies and available cascade
options are decisive for the total environmental impacts [15], as they largely depend on the production
structure, environmental circumstances, local policies, regulations and economic resources [37]. It is
particularly relevant which other products are substituted during the cascade and how completely
and efficiently wood can be used for energy production in the end. In terms of greenhouse gas
emissions, wood use is beneficial in most applications. Benefits are particularly high when replacing
heat from oil or gas, substituting for energy-intensive products such as primary metals, plastic and
concrete in constructions and furniture [92], or functioning in difficult-to-decarbonize sectors such as
aviation, heavy transportation (e.g., trucks, forwarders, agricultural machines), and manufacturing [6].
Therefore, it is important to consider what for the substituted, often non-renewable (e.g., fossil)
products are used for and whether they are able to support the production and supply security of high
value products (e.g., medicines, paints, notebooks, car fittings) and therefore potentially have valuable
social benefits.

In implementing the energy use of wood, special requirements regarding the preparation and
recycling of already used and treated wood (waste wood) have to be considered [53,93–95]. Furthermore,
the orientation towards an EO−market would support continuously and significantly larger resource
quantities for one or more processing steps. In this way, most of the resource stays available as a
storable, regional (depending on the distribution of energy plants and locations of SPs) energy carrier
in future, simultaneously increasing the carbon storage in wooden products [96]. However, the use
of waste wood and wood residues for energy takes place within a certain timeframe [97]. Therefore,
the desired convergence towards a cascade and more circular economy in Switzerland [13] and Europe
(e.g., [89,98]) could temporarily lower wood fuel potentials from residues because of better integration
of processed and already used wood for product processing in (innovative) cascades, closed loops and
recycling, innovative collaborations and products [88,99]. Later on, when wood residues are used more
efficiently for materials, a shift in wood fuel from wood residues towards wood fuel potentials from
waste wood can be expected. Wood from trees outside forests are mainly thinner compartments from
shrubs, trees and hedges, especially along water resources, roads, paths, railway lines and building
yards, orchards and vineyards or bush and shrub vegetation. Therefore, the potential for material use
is particularly low (e.g., 7% according to [67]).

4.4. Other Key Drivers and Critical Remarks

With our analyses, we aimed to quantify woody biomass potentials and their development
with regard to their original source and realistic ranges. However, the different key drivers and the
determination of future sustainable potentials were combined with different restrictions relevant for the
individual biomass types. This makes it difficult to evaluate the effects of the individual influences on
the potentials. Therefore, we concentrated on forest management strategies with different harvesting
costs (Sections 4.1 and 4.2) and material uses with different wood markets (circular or cascading
concepts) (Section 4.3). Nonetheless, other drivers and restrictions have an influence. We rely mainly
on various literature values (Sections 2.2.1–2.2.4), but their qualitative validation provides confidence
in their accuracy.

Climate change influences the growth of forests and timber positively (e.g., temperature) and
negatively (e.g., drought) via biotic and abiotic factors. Furthermore, nitrogen deposition, among
others, affect the primary growing conditions of forests well below a classical rotation period [100–103].
In our simulations, we expected site characteristics promoting wood fuel from forests and trees outside
forests to be favored in the future due to climate change. Overall, we expect climate change to lead to
an additional net growth of 11% in 2035 and 10% in 2050 (cf. Section 2.2.1) [49,62]. This adds additional
wood fuel biomass to TPs of 10.4–15.0 PJ in 2035 and 9.4–13.6 PJ in 2050. The lowest additional amounts
are based on the forest management of CSI and the largest on LSR. However, the effect of changing site
conditions on the potentials of woody biomass from forests may be even greater than the total woody
biomass coming from trees outside forests in the long term.
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The change in forest area size of +3% (2035) and +6% (2050) is more pronounced in coline and
mountainous regions (>12%, [56]). This is particularly true where, e.g., forest limits move upwards
due to climate change [104] or where land-use change occurs—for example, the abandoned Alps are
less and less cultivated by summering cattle mainly due to more fodder availability on the home
farm [105]. Forests will have to adapt not only to changes in mean climate variables but also with
a likely increased risk of extreme weather events, such as prolonged drought, storms and floods
(e.g., [106]). Especially in northern and western Europe, the increasing atmospheric CO2 content and
warmer temperature are expected to result in positive effects on forest growth and wood production,
at least in the short–medium term. On contrary, more frequent droughts and disturbance risks will
cause adverse effects [107]. For example, ref. [108] shows high vulnerability particularly in the second
half of the twenty-first century in the eastern Alps. They indicate a strong decline in productivity,
timber and carbon stocks, biodiversity, disturbances, a tree species’ position in fundamental niche space,
silvicultural flexibility and cost intensity. Most negatively affected were sites on calcareous bedrock,
whereas assessment units at higher altitudes responded predominately positively to an increase in
temperature. Such negative impacts may outweigh positive trends [107]. Therefore, a change of
disturbance events (e.g., storms or droughts) may consequently change increment and mortality and
may outweigh other key drivers of the simulation. Regions with longer drought periods and more
frequent and violent thunderstorms, as well as those where reforestations occur for economic reasons,
can also be expected to see larger changes in forest area size. Thus, increased productivity of the sward
and longer summer farming periods, as well as subsidies, aim to maintaining the current status and
increase the ecological quality of pastures [105]. In contrast, in the Swiss Central Plateau, where forest
areas remain stable [17], the pressure on forests is constantly increasing, especially as the growth
in population is accompanied by a growing demand for settlements and infrastructures. Since the
forests in Switzerland are protected by law [109], the changes outside forests mainly occur at the
expense of barely cultivated agricultural land. This supports our assumption of a continued increase in
stocked areas of trees outside forests due to the extension of settlement areas with yards or greenings
(stocked areas). We based our assumption on past development of trees outside forests (Section 2.2.2),
which corresponds to a +0.46% stocked area annually. However, as building land reserves are limited
and the desired densification of already zoned areas are intended by law [110], the assumption of
a stagnation in non-forest landscape area growth in 2035 seems realistic as, for example, no further
stocked surroundings of building are expected.

Furthermore, the approach considering wood fuel potentials according to their original sources
has the advantage that the volumes of wood residues are determined in accordance with changes
in forest management or energy markets, while simultaneously including imported end products of
wood occurring with a time lag as waste wood. However, this also means that volumes of wood
residues within this study are not directly related to the woodworking and processing companies
where they de facto occur. Therefore, wood fuel from wood residues contribute only a very small share
of SPs (4–14%) compared to TPs. This is because TPs of wood residues are calculated according to
their original forest sources and therefore are related to TPs of harvesting. Related wood residues only
occur if wood working companies are able to process these huge amounts. In contrast, SPs of wood
fuel from wood residues are calculated with SPs of forest harvesting (Supplementary Information S3,
Table S10). They account for restrictions of protected areas, harvest losses, assortments (wood market:
EO−) and costs. Additionally, parts of the processed wood (~45%, cf. Figure 3, recycling vs. energy)
are used for recycling and occur after several processing steps for energy or as waste wood at the end
of the product’s life cycle. On the one hand, the modeled wood market EO− simulates a shift towards
the more desired, cascade-oriented wood market (cf. Section 4.3). On the other hand, wood residues
are kept in the system with circular economy or cascade use and result in at least a temporary shift
of wood fuel from wood residues towards waste wood (Section 4.3). As a consequence of this shift,
increased wood fuel amounts from waste wood result (2020, 12.9 to 15.8 PJ; 2050, 15.3 to 20.9 PJ,
Supplementary Information S4, Table S11). Furthermore, the driver population growth assumes equal
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wood consumption per person during the coming years to reach higher SPs and TPs in 2035 and 2050
by approximately 20% (cf. Section 2.2.4).

5. Conclusions

Our analysis indicates that wood fuel potentials can be expected to be stable enough to provide
sustainable potentials (SPs) within the next 15 years. This is also the case if the original sources are
combined with their subsequent woodworking industries, as wood fuel amounts from a minimum
of ~34 PJ/a to a temporary maximum of ~78 PJ/a are available. The moderate stock reduction (MSR)
forest management alternative leads to larger amounts of wood resources, especially in the short
term, without causing future resource shortages of wood fuel and wood for materials compared to
the business as usual (CSI) strategy. Simultaneously, the large stock reduction (LSR) offers higher
additional potentials in the short term but will likely lead to smaller amounts available for wood fuel
in 2050. Additionally, thinner compartments are expected with LSR, leading to a potential risk for the
material wood markets. The shorter rotation times of LSR and MSR may increase flexibility in forest
management and could provide a more stable basis for dealing with climate change and extremes
while increasing the potential for the energy transition. In particular, with the current forced uses
of wood in Switzerland due to drought, bark beetle infestation and windthrow as a consequence of
climate change and extreme weather events, the actual harvests come very close to the quantitative
estimation obtained with the MSR strategy.

When costs are not a restriction (e.g., due to subsidies and more efficient technologies and
processes) or revenues increase significantly (e.g., higher prices for energy), the resulting ecologically
sustainable potential (ESP) yields large surpluses of approximately one-fifth up to three-fold more
(LSR, 2035, scenario maximum; cf. Section 4.2) compared to the corresponding (scenario and point
in time) sustainable potential (SP) of the business as usual strategy (CSI). If the wood market is less
energy oriented (EO−), circular economy and cascade uses of wood can be supported, as more wood
is assorted towards material uses first but is still available for wood fuel with a time lag and a shift
in wood fuel form forests towards wastes occurring during wood processing (as wood residues) or
ideally at the end of the product’s life cycle (as waste wood). For implementation, a more circular
economy like this requires the necessary processing capacities of the subsequent timber industries,
as well as the energy plants for the wood fuel conversion to heat, electricity, liquid fuel or wood
gas. The needed infrastructures could be better planned when wood fuel potentials’ development is
combined with the desired cascade use and circular economy at a high spatial resolution, enabling
more efficient and effective transport of resources from the harvesting locations to the plants. In terms
of carbon storage, living biomass as well as storage in subsequent timber products is considered of key
importance, particularly if emission- and energy-intensive products are substituted. Shorter rotation
periods promoting regrowth and carbon storage in young plants can therefore lead to an increasing
carbon stock.
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services from European mountain forests under climate change. J. Appl. Ecol. 2017, 54, 389–401.

59. Rohner, B.; Kumar, S.; Liechti, K.; Gessler, A.; Ferretti, M. Tree Vitality Indicators Revealded a Reapid
Response of Beech Forests to the 2018 Drought. Ecol. Indic. 2021, 120, 106903.

60. Rohner, B.; Waldner, P.; Lischke, H.; Ferretti, M.; Thürig, E. Predicting individual-tree growth of central
European tree species as a function of site, stand, management, nutrient, and climate effects. Eur. J. For. Res.
2018, 137, 29–44.

61. Trotsiuk, V.; Hartig, F.; Cailleret, M.; Babst, F.; Forrester, D.I.; Baltensweiler, A.; Buchmann, N.; Bugmann, H.;
Gessler, A.; Gharun, M.; et al. Assessing the response of forest productivity to climate extremes in Switzerland
using model–data fusion. Glob. Chang. Biol. 2020, 26, 2463–2476.

62. Nabuurs, G.-J.; Pussinen, A.; Karjalainen, T.; Erhard, M.; Kramer, K. Stemwood volume increment changes in
European forests due to climate change—A simulation study with the EFISCEN model. Glob. Chang. Biol.
2002, 8, 304–316.

63. Abegg, M.; Brändli, U.-B.; Cioldi, F.; Fischer, C.; Herold-Bonardi, A.; Huber, M.; Keller, M.; Meile, R.; Rösler, E.;
Speich, S.; et al. Schweizerisches Landesforstinventar—Ergebnistabelle Nr. 173534: Jährlicher Nettozuwachs;
Eidg. Forschungsanstalt WSL: Birmensdorf, Switzerland, 2014.

64. Losey, S.; Wehrli, A. Schutzwald in der Schweiz. Vom Projekt SilvaProtect-CH zum harmonisierten Schutzwald;
Bundesamt für Umwelt (BAFU): Bern, Switzerland, 2013; p. 29.

53



Sustainability 2020, 12, 9749

65. Federal Office for the Environment (FOEN). Waldpolitik 2020, Visionen, Ziele, Massnahmen für Eine Nachhaltige
Bewirtschaftung des Schweizer Waldes; FOEN: Bern, Switzerland, 2013; p. 66.

66. Federal Statistical Office (FSO). Areal Statistics Switzerland, Standard Nomenclature, Data Set, Hectare Level;
FSO: Neuchâtel, Switzerland, 2009.

67. Federal Office for the Environment (FOEN); Swiss Federal Office of Energy (SFOE). Energieholzpotenziale
Ausserhalb des Waldes; Federal Office for the Environment (FOEN)/Swiss Federal Office of Energy (SFOE):
Bern, Switzerland, 2009; p. 82.

68. Federal Statistical Office (FSO). Digital Elevation Model (100 m); GEOSTAT: Neuchâtel, Switzerland, 1979.
69. Swisstopo Federal Office of Topography. Digital Land Model of Switzerland, Vector 25; Swisstopo Federal Office

of Topography: Bern, Switzerland, 2007.
70. Federal Office for the Environment (FOEN). Jahrbuch Wald und Holz; Federal Office for the Environment

(FOEN): Bern, Switzerland, 2014; p. 162.
71. Erni, M.; Thees, O.; Lemm, R. Altholzpotenziale der Schweiz für die Energetische Nutzung, Ergebnisse einer

Vollerhebung; WSL Ber. 52; Eidg. Forschungsanstalt WSL: Birmensdorf, Switzerland, 2017; p. 68.
72. Mantau, U.; Weimar, H.; Kloock, T. Standorte der Holzwirtschaft, Holzrohstoffmonitoring, Altholz im

Entsorgungsmarkt, Aufkommens- und Vertriebsstruktur 2010; Universität Hamburg: Hamburg, Germany,
2012; p. 30.

73. Federal Office for the Environment (FOEN). Jahrbuch Wald und Holz; Federal Office for the Environment
(FOEN): Bern, Switzerland, 2018.

74. Kohli, R.; Bläuer, A.; Perrenoud, S.; Babel, J. Szenarien zur Bevölkerungsentwicklung der Schweiz 2015–2045;
Bundesamt für Statistik (BFS): Neuchãtel, Switzerland, 2015; p. 82.

75. Taverna, R.; Meister, R.; Hächler, K. Abschätzung des Altholzaufkommens und des CO2-Effektes aus Seiner
Energetischen Verwertung, Schlussbericht, Bundesamt für Umwelt (BAFU); Departement für Umwelt, Verkehr,
Energie und Kommunikation (UVEK): Bern, Switzerland, 2010; p. 63.

76. Lehner, L.; Kinnunen, U.; Weidner, J.; Lehner, J.; Pauli, B.; Menk, J. Branchenanalyse, Analyse und
Synthese der Wertschöpfungskette (WSK) Wald und Holz in der Schweiz, Bern, Bundesamt für Umwelt (BAFU);
Eidg. Departements für Umwelt, Verkehr, Energie und Kommunikation (UVEK): Bern, Switzerland, 2014;
p. 345.

77. Hahn, J.; Schardt, M.; Schulmeyer, F.; Mergler, F. Der Energieinhalt von Holz; Bayerische Landesanstalt für
Wald und Forstwirtschaft (LWF): Freising, Germany, 2014; p. 4.

78. Swiss Federal Office of Energy (SFOE). Masse, Einheiten, Zahlen: Umrechnungsfaktoren, Masseinheiten und
Energieinhalte; SFOE: Bern, Switzerland, 2006; p. 1.

79. Federal Statistical Office (FSO). Restholzverwertung in den Sägereien nach Kantonen 2012, Tab 7.3.5.3;
FSO: Neuchâtel, Switzerland, 2013.

80. Federal Office of Energy (SFOE). Überblick über den Energieverbrauch der Schweiz im Jahr 2019, Auszug aus der
Schweizerischen Gesamtenergiestatistik 2019; SFOE: Bern, Switzerland, 2020; p. 9.

81. MeteoSchweiz. Der Wintersturm Burglind/Eleanor in der Schweiz, Fachbericht; MeteoSchweiz: Zurich,
Switzerland, 2018; p. 35.

82. Marcucci, A.; Zhang, L. Growth impacts of Swiss steering-based climate policies. Swiss J. Econ. Stat. 2019,
155, 1–13.

83. Yousefpour, R.; Temperli, C.; Jacobsen, J.B.; Thorsen, B.J.; Meilby, H.; Lexer, M.J.; Lindner, M.; Bugmann, H.;
Borges, J.G.; Palma, J.H.; et al. A framework for modeling adaptive forest management and decision making
under climate change. Ecol. Soc. 2017, 22, 40.

84. Stroheker, S.; Forster, B.; Queloz, V. Zweithöchster je Registrierter Buchdruckerbefall (Ips Typographus) in der
Schweiz; Waldschutz Aktuell; Eidg. Forschungsanstalt WSL: Birmensdorf, Switzerland, 2020; p. 2.

85. Federal Office of the Environment (FOEN). 2018 Market Statement for Switzerland, Developments in Forest
Product Markets; FOEN: Bern, Switzerland, 2018; p. 31.

86. Ede, A.N.; Adebayo, S.O.; Ugwu, E.I.; Emenike, C. Life Cycle Assessment of Environmental Impacts of using
Concrete or Timber to Construct a Duplex Residential Building. IOSR J. Mech. Civ. Eng. 2014, 11, 62–72.

87. Abasian, F.; Rönnqvist, M.; Ouhimmou, M. Forest bioenergy network design under market uncertainty.
Energy 2019, 188, 116038.

88. Mair-Bauernfeind, C.; Stern, T. Cascading Utilization of Wood: A Matter of Circular Economy? Curr. For. Rep.
2017, 3, 281–295.

54



Sustainability 2020, 12, 9749

89. Jarre, M.; Petit-Boix, A.; Priefer, C.; Meyer, R.; Leipold, S. Transforming the Bio-based Sector Towards a
Circular Economy—What can we learn from Wood Cascading? For. Policy Econ. 2020, 110, 1–12.

90. Shahab, R.L.; Brethauer, S.; Davey, M.P.; Smith, A.G.; Vignolini, S.; Luterbacher, J.S.; Studer, M.
A heterogeneous microbial consortium producing short-chain fatty acids from lignocellulose. Science
2020, 369, 9.

91. Holzindustrie Schweiz (HIS). Annual Report of the European Sawmill Industry 2018/2019, EOS ANNUAL
REPORT, Brumunddal, Norway; HIS: Bern, Switzerland, 2019; p. 226.

92. Suter, F.; Steubing, B.; Hellweg, S. Life Cycle Impacts and Benefits of Wood along the Value Chain: The Case
of Switzerland. J. Ind. Ecol. 2016, 21, 874–886.

93. Röder, M.; Thornley, P. Waste wood as bioenergy feedstock. Climate change impacts and related emission
uncertainties from waste wood based energy systems in the UK. Waste Manag. 2018, 74, 241–252.

94. Der Schweizerische Bundesrat. Luftreinhalte-Verordnung (LRV); Der Schweizerische Bundesrat: Bern,
Switzerland, 2016; p. 98.

95. Der Shweizerische Bundesrat. Verordnung über die Vermeidung und die Entsorgung von Abfällen;
Der Shweizerische Bundesrat: Bern, Switzerland, 2015; p. 46.
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Abstract: Microalgae have received widespread interest owing to their potential in biofuel production.
However, economical microalgal biomass production is conditioned by enhancing the lipid
accumulation without decreasing growth rate or by increasing both simultaneously. While extensive
investigation has been performed on promoting the economic feasibility of microalgal-based biofuel
production that aims to increase the productivity of microalgae species, only a handful of them
deal with increasing lipid productivity (based on lipid contents and growth rate) in the feedstock
production process. The purpose of this review is to provide an overview of the recent advances
and novel approaches in promoting lipid productivity (depends on biomass and lipid contents) in
feedstock production from strain selection to after-harvesting stages. The current study comprises two
parts. In the first part, bilateral improving biomass/lipid production will be investigated in upstream
measures, including strain selection, genetic engineering, and cultivation stages. In the second part,
the enhancement of lipid productivity will be discussed in the downstream measure included in the
harvesting and after-harvesting stages. An integrated approach involving the strategies for increasing
lipid productivity in up- and down-stream measures can be a breakthrough approach that would
promote the commercialization of market-driven microalgae-derived biofuel production.

Keywords: biofuel; cultivation strategy; lipid productivity; phycoprospecting; nutrient starvation
harvesting; after harvesting; two-stage cultivation

1. Introduction

The age of inexpensive fossil fuels is ending. The rapid increase in the world’s population
and the rising demand for energy are global challenges that have presented themselves over the
past couple of centuries [1–3]. However, fossil fuels are not renewable, and their resources are
depleting day by day [4–6]. Among the potential energy sources, microalgae-derived biofuels are
considered a comparable alternative for fossil fuels [5,7]. Microalgae is a potential feedstock for a
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number of applications such as the production of animal feed, value-added products, and biofuels [8,9].
However, the possibility of an economically sustainable microalgae feedstock production process is
technology-driven, not commercially driven [10–12].

The main economic drawback cited in the literature is that algae species display two conflicting
features: high biomass production with low lipid accumulation, or high lipid accumulation with
low biomass production [13–15]. Under favorable growth conditions, the oil content of microalgae
species typically is between ~10 and 30% dry weights. Meanwhile, there are algae species that produce
higher lipid content (56% in Nannochloris sp., 80% in Schizochytrium sp.). However, the growth rate
of such oleaginous species is often slow [16,17]. Alternatively, algae species such as Scenedesmus
sp. and Chlorella sp. with a higher growth rate relatively possess lower lipid content [11,18]. It is
commonly known that, for obtaining the best economic scenario, an optimal balance between lipid
content and cell growth is required; because culturing either many cells with low lipid content or
few cells with high lipid content will not lead to economically sustainable microalgae-derived biofuel
production [13,17,19].

To overcome this obstacle, wide-ranging efforts are being made to improve biomass and lipid
production in upstream and downstream stages. The upstream measure involves screening appropriate
microalgae strain and further improvement of those ‘platform algal species’ by genetic manipulation
to develop new organisms with higher lipid productivity. Furthermore, it is well established that
the implementation of an efficient cultivation system that can deal with the contrast between lipid
and biomass production is important in enhancing lipid productivity. Establishing the strategies that
provide the best performance in the down-stream stage such as harvesting and after-harvesting stages
can also provide an additional approach for promoting the lipid productivity of algae strains [20].

Screening for local oleaginous microalgae “bio-prospecting” is the first step in the optimization
of the feedstock production process. One of the most important criteria for screening algae strains is
lipid productivity (based on lipid contents and growth rate) [21]. It is commonly known that selecting
the fast-growing oleaginous algal species would translate directly to an overall feedstock production
process [21]. In this regard, researchers have focused their efforts on the screening of microalgae strains
with higher biomass and lipid productivities. For instance, in a study, four oleaginous microalgae were
investigated for biofuel production. Two of them, Monoraphidium dybowskii Y2 and Chlorella sp. L1
were found to produce the highest lipid content (32.45, 35.06 mg L−1 day−1) and biomass yield (106.61,
137.13 mg L−1 day−1) when cultured in photobioreactor (PBR) [22]. In another screening program,
Přibyl et al. [23] evaluated the potential of 10 strains of Parachlorella and Chlorella for lipid and biomass
production; among them, the strains C. vulgaris CCALA 256, with a biomass density of 5.7 g L−l,
and overall lipid content of 30% dry weight, was the most promising strain for biofuel production
when cultured in a PBR. Bioprospecting requires high throughput isolating procedures to screen
local microalgae strain for biofuel production. However, conventional approaches utilized for strain
selection mostly rely on complicated procedures that are labor intensive and time consuming [21,24].
In this regard, Kim et al. [25] studied the novel advances in the development of microfluidic systems
for microalgae biotechnology. Similarly, Challagulla et al. [26] reviewed the application of the nuclear
magnetic resonance spectroscopy, fluorescent lipid-soluble dyes, Raman spectroscopy, near-infrared
spectroscopy, and Fourier transform techniques for analyzing lipid contents in microalgae. It was
stated that some technologies such as spectroscopy, flow cytometry and microfluidic can be used alone
or in combination with other strategies for the screening of strains with a high growth rate and lipid
contents [26–29].

Genetic engineering has previously presented a promising approach for research in different
scientific areas [30–33]. As is the case in other research fields, genetic engineering provides an alternative
approach to bypass the controversial relationships between lipid accumulation and cell growth [34].
A number of the molecular studies focus on lipid metabolism engineering by over-expression of the
enzymes involved in lipid synthesis or suppressing the competitive pathways for enhancing lipid
content without comprising the growth rate. For instance, in an investigation, after inactivation of
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the specific multiuse enzymes acyltransferase/lipase/phospholipase, a mutant strain of Thalassiosira
pseudonana showed 3.5 times more lipid content without decreasing growth rate [35]. In another study,
Nguyen et al. [36] reported that the suppression of the gene involved in fatty acid (FA) degradation of
Chlamydomonas mutant, Cre01.g 000300, could increase lipid content without impacting the growth
rate. Up to date, a number of review articles have been published on genetic engineering techniques
for promoting the lipid productivity of algae species. For instance, Park at al. [37] surveyed the strain
improving strategies such as genetic engineering, random mutagenesis, and metabolic engineering
pathways to promote lipid productivity of microalgae; and stated the combination of the appropriate
tools and right targets can improve algal species that would promote the commercialization of market-
microalgae-derived biofuel production. In similar investigations, Chen et al. [14] proposed that the
lipid production efficiency in microalgae can be increased by integrating stress tolerance manipulation
strategies with genetic engineering approaches.

It is commonly known that microalgae cultivation is the most important stage in microalgae
biofuel production because the quantity and quality of the produced feedstock will strongly depend
on this stage [19]. An ideal cultivation strategy would enable algae strains to grow rapidly with a
synchronized increase in lipid content. However, cultivation conditions for cell growth typically differ
from that required for lipid production. Generally, the microalgae species cultured under favorable
conditions produce large amounts of biomass but with lower lipid yield [9]. Thus, for increasing
lipid content in algae, additional approaches, such as applying different stresses during the biomass
production process have been proposed. But such stressful conditions often have a negative impact on
the microalgae growth rate, leading to a decrease in the desired product yield. Thus, obtaining the
best economic scenario will require an optimal balance of lipid content and cell growth [13,19]. In this
sense, the two-phase system has been proposed as a win-win strategy to overcome the trade-off effect
between biomass and lipid yield. In the two-step cultivation system, a nutrient-rich growth medium
is used in the first step to obtaining maximal biomass production. After an adequate concentration
of algal biomass is produced, the medium condition changes into a stress induction condition in
the second step. In an investigation, Xia et al. [38] developed a salinity-based two-phase cultivation
for Scenedesmus obtusus XJ-15. In the first phase, the biomass productivity was increased from 139.4
to 212.1 mg L−1 day−1. In the second phase, lipid content was increased from 26.1% to 47.7%. In
another investigation, Yun et al. [39] proposed a two-phase system for N. oleoabundans HK-129. The
process resulted in a 40 and 60% increase in algal biomass and lipid content, respectively. Additionally,
a number of review articles have been done as part of an effort to study the efficiency of various
cultivation strategies in microalgae. One such investigation by Ho et al. [19] studied the efficiency of
various cultivation systems for increasing lipid productivity in microalgae and stated two-stage and
semi-continuous strategies can increase lipid content without impacting the growth rate. Nagappan
et al. [40] compared lipid and carbohydrate productivities of two-stage strategies with single-stage
systems. Aziz et al. [41] highlighted the potential of a two-stage culture strategy for simultaneous lipid
and biomass production and modified the pre-harvesting stage to promote the economic viability of
this strategy. In one of such studies, Bhatia et al. [42] discussed different types of wastewater and
summarized the recent approaches in algal cultivation and harvesting technologies from wastewater.
Table 1 shows a list including studies about increases in lipid and/or growth rate in microalgae, brief
findings of which are given presently.
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Table 1. Summary of literature about the enhancing lipid and/or biomass production in microalgae.

Year References Genus and Species
Upstream Approaches Downstream Approaches

Strain
Selection

Genetic
Approach

Cultivation Harvesting
After

Harvesting

2012 Přibyl et al. [23] C. vulgaris � � � � �

2013 Borowitzk et al. [43] * � � � � �

2013 Xia et al. [38] S. obtusus � � � �

2013 Trentacoste et al. [35] T. pseudonana � � � � �

2014 Ho et al. [19] * � � � � �

2015 Singh et al. [44] * � � � � �

2016 Challagulla et al. [26] * � � � � �

2017 Chen et al. [14] * � � � � �

2017 Chu [45] * � � � � �

2017 Kim et al. [25] * � � � � �

2017 Chung et al. [46] * � � � � �

2018 Sharma et al. [34] * � � � � �

2018 Yun et al. [39] N. oleoabundans � � � � �

2018 Shin et al. [47] * � � � � �

2018 Sajadi et al. [16] * � � � � �

2019 Nagappan et al. [40] * � � � � �

2019 Piligaev et al. [48] * � � � � �

2019 Park et al. [37] * � � � � �

2019 Menegazzo et al. [49] * � � � � �

2020 Nguyen et al. [36] Chlamydomonas sp. � � � � �

2020 Poh et al. [50] Chlorella sp. � � � � �

2020 Aziz et al. [41] * � � � � �

2020 Bhatia et al. [42] * � � � � �

* The reference is a review article and a large variant of species and strains are studied. A tick mark (�) and cross
mark (�) indicates that the variable is and is not included in the study, respectively.

Among the considered approaches, establishing the strategies that provide the best performance in
the harvesting stage without having qualitative damages to microalgae biomass and/or lipid content is
also important in the successful implementation of the feedstock production process [51]. For instance,
Liu et al. [52] applied magnetite nanoparticles (nano-Fe3O4 coated) for the harvesting of C. pyrenoidosa
and S. obliquus strains, and reported that this harvesting method did not reduce the lipid content
in these species. Very few studies have been performed on harvesting and after-harvesting stages,
although these stages should be taken into consideration for improving lipid productivity in the
feedstock production process [50,51]. In one of such studies, Menegazzo et al. [49] reviewed the culture
conditions for various algae species and their influence on the separation of microalgae biomass,
lipid content, including biomass thickening methods, and methods of biomass depletion, the methods
of cellular disruption and lipid extraction.

The above literature review shows that most of the studies provide only a partial picture
of the bilateral increase in lipid productivity throughout the cultivation or genetic engineering
stages. Meanwhile, there are review articles that focused on more aspects of the biomass production
process. Studies such as that by Chu [45] present an overview of strain selection, genetic engineering,
and cultivation without depth information about different cultivation strategies. Chen et al. [14] focused
on recent advancements in the lipid enhancement process in the cultivation and genetic engineering
stages. However, these articles are not containing all relevant information about increasing lipid
productivity throughout the feedstock production process, and only scattered information is accessible
(Table 1). To the best of the authors’ knowledge, no current review paper contains the findings of
promoting lipid productivity in strain selection, genetic manipulation, cultivation, harvesting, and
after harvesting stages. The purpose of this review is to provide an overview of the recent advances
and novel approaches in promoting lipid productivity in the biofuel production process from strain
selection to after-harvesting stages.

The first section of the article offers a discussion about the importance of bilateral biomass and
lipid production in biofuel production and its potential in increasing microalgae economic feasibility
of microalgae-derived biofuel production. In the following section, a bilateral increase in biomass/lipid
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production is investigated in upstream measures, including strain selection and genetic engineering
stages. Finally, promoting lipid productivity will be discussed in the downstream measure included in
the harvesting, and after-harvesting stages (Figure 1).

 
Figure 1. Enhancing lipid productivity in the feedstock production process.

2. Bilateral Improvement in Biomass and Lipid Productivities

Microalgae are potential biofuel feedstock, owing to its rapid growth rate and ability to
produce value-added lipids [16]. The lipid content of microalgae can be increased when the
microalgae cells are subjected to stressful conditions such as culturing under a nutrient limitation
or environmental stress [17]. However, such stresses often negatively affect algal growth, leading
to decreased lipid productivity [47,53,54]. In an investigation, the effect of stressful conditions on
biomass and lipid production of Chaetoceros muelleri was studied [55]. Under nitrogen-deficient
conditions, the lipid content was elevated from 23% to 46%. However, on the other side, biomass
productivity was decreased from 0.19 to 0.12 g L−1 day−1 [44]. Similarly, in another study, the impact
of nutrient limitation on lipid and biomass yield of Scenedesmus destricola and Chorococcum spp. was
investigated [56]. Under nitrogen-limited conditions, the lipid yield was increased from 48% to 54%
for Scenedesmus destricola and 31.6% to 40.7% for Chlorococcum nivale. The biomass productivity of
Scenedesmus destricola and Chlorococcum nivale, however, was decreased from 0.48 to 0.38 g L−1 day−1

and from 0.40 to 0.38 g L−1 day−1, respectively [44].
It is well established that increasing lipid content, without impacting the growth rate or

increasing both, holds the key to obtaining economic viability of algae-based biofuel production [38].
The mathematical analyses of Yu et al. [57] showed how both biomass productivity and lipid contents
are vital in determining the biofuel production cost. In their first analysis of Chlorella vulgaris CCAP
211/11B and Chlorella vulgaris F&M-M49 of similar lipid content and cell size, Chlorella vulgaris F&M-M49
incurred lower production costs because of its higher biomass yield. In other analyses of Nannochloropsis
sp. and Nannochloropsis sp. F&M-M27 with similar biomass productivity and cell size, Nannochloropsis
sp. F&M-M27 reduced the cost by 10–20%, owing to its 25% higher lipid content [47].

Conventional stress induction approaches seem to be useful for increasing algal lipid content but
often fail to increase lipid productivity as the enhancing lipid content happens at the cost of biomass.
Lipid productivity as expressed in Equation (1) usually reported in the unit of g lipid m−2 day−1 or
g lipid L−1 day−1.

Lipid Productivity = μQ (1)

where Q is the amount of the microalgal yield per unit area of culture (m2) or volume (L) and μ is the
specific growth rate (day−1) [37,43]. Therefore, microalgae-based biofuel production success is strongly
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influenced by two mutually exclusive factors, i.e., lipid content and growth rate. High lipid content
is essential to decrease the processing costs per unit of biomass products, and a high growth rate is
required to increase yield per unit culture area. Generally, lipid accumulation in algae typically is
not concurrent with a fast growth rate, which is the potential conflict in the production process [58].
To achieve the economically feasible cost at a necessary production scale, it is reasonable to develop
an optimal balance among upstream and downstream technologies to reduce overall process costs
(Figure 2).

Figure 2. Diagram of the microalgae feedstock production procedure.

Two trends have been proposed in biofuel-related algae studies for achieving high lipid productivity.
The first trend focuses on enhancing lipid content without decreasing biomass yield, which is often
achieved by genetic manipulation approaches. For instance, the co-expression of five acyltransferases
from yeast in Chlorella minutissima, elevated lipid yield by two times without decreasing the growth
rate [59]. The other trend has the aim of increasing biomass and lipid yields simultaneously that
generally can be attained by applying a suitable cultivation strategy. For instance, Moussa et al. [60]
designed a hybrid cultivation system for Picochlorum sp., in which maximal biomass productivity
(0.427 g L−1 day−1) was obtained by the continuous culture at a dilution rate of 0.6 day−1, and high
lipid contents, ranging from 499 to 698 g kg−1 dry weight (DW), were obtained under different
nitrogen sources in the second step. In another study, San Pedro et al. [61] developed a two-stage
cultivation method for Scenedesmus sp. In this cultivation method, microalgal cells were maximal
biomass productivity of 0.49 g L−1 day−1 was attained with a nitrate concentration of 8.0 mM at a
dilution rate of 0.42 1/day. A high increase in lipids content, 73.1% of overall lipids, was obtained in
the second phase under nitrogen-depletion condition.

3. Upstream Measure

Oleaginous microalgae are potential cell factories for viable biodiesel production. It possesses
the inherent ability to accumulate value-added products such as lipids and exhibits a high growth
rate [20]. Commercially sustainable microalgae-based biofuel production requires screening local
oleaginous species, which can be further promoted by strain engineering strategies [37,62]. Therefore,
the upstream technologies mainly include three aspects. Firstly, screening appropriate algal species
that are characterized by rich in lipid and fast-growing rate. Secondly, advanced molecular approaches
can be manipulated so that produce the strains with high biomass and lipid productivity. Finally,
selecting and establishing an efficient cultivation system that can deal with the contrast between lipid
and biomass production.
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3.1. Phycoprospecting

As estimated, there are 1 to 10,000,000 alga species on Earth; however, most of the on-going
studies have been focused on a limited number of microalgae strains. Microalgae are characterized
based on high lipid content and fast growth rate. But all of the algae species are not regarded as
the best lipid producers [20,25,63]. Although documented in different studies about increasing the
microalgal lipid productivity via various approaches, the potential limitation cannot be overcome if
the screened algal species are not apt for biodiesel production [17,47]. Identifying best performing
microalgae strains through ‘phycoprospecting’ can be a promising approach to obtain strains with
higher lipid productivity for achieving commercially sustainable biofuel production [47,64].

In this respect, the fundamental requirement of microalgae-based biodiesel production is selecting
appropriate strains with a high level of lipid accumulation and high biomass productivity [65].
Additionally, the optimal microalgae strains for biofuel production should have a number of important
features: an optimal composition of lipid profiles; high cell density during cultivation; high carbon
dioxide absorption rate; lack of need for expensive nutrients during cultivation process; resistance to
temperature fluctuations; co-production of valuable by-products and short production cycle [17].

Besides, local algal species are more preferred for feedstock production purposes as they have
better adaptability to environmental situations prevailing in a specific geographical location [15].
Several programs have focused on the isolation of the appropriate indigenous algal strains to enhance
lipid and biomass productivities. Screening of indigenous microalgae strains for desirable characteristics
or ‘phycoprospecting’ is important in determining potential strains for biodiesel production [65,66].
For example, an isolation project under the National Alliance for Advanced Biofuels and Bioproducts
(NAABB) has successfully screened novel potential ‘platform strains’ with fast growth rates and high
lipid content [66].

Bio-prospecting requires high throughput and rapid isolating procedures to screen new
strains that are adapted to the production location [65]. Several techniques have been described,
including single-cell isolation using serial dilutions, micromanipulation, atomized cell spray,
and gravimetric separation [67,68]. However, such traditional microalgae isolation methods are
time consuming and require further screening of axenic cultures to determine lipid and growth
productivities [27,69,70]. Technologies such as automated processes including robotics, flowcytometry,
and new strategies such as microfluidics and deep sequencing are being developed to facilitate the
isolation and characterization of microalgae strains [70]. A combination of modern and conventional
techniques may screen the suitable algal strain for biofuel production. In a study, flowcytometry
technique coupled to cell sorting strategies has led to a rapid selection of strains with high lipid contents
and fast growth rates [69,70]. In a study, Huang et al. [65] innovated a novel direct sampling technique
that an enrichment strategy was coupled with a capillary aided sampling procedure. This approach sped
up the isolation of desirable strains for both rapid growth and high lipid productivities. Kim et al. [71]
innovated a droplet microfluidics analysis platform that is possible to study the differences in lipid
and biomass productivities of Chlamydomonas reinhardtii under different nitrogen conditions. Table 2
highlights the techniques that have been applied for screening microalgae with lipid content/growth rate.
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Table 2. Some techniques have been applied for screening microalgae with lipid content/growth rate.

Genus and Species Approach Comments Ref.

Several microalgae strains Inverted fluorescence
microscope

Analyzes growth and lipid
content [65]

Chlorococcum littorale Fluorescence assisted cell
sorting

detect microalgae cells with high
lipid content [69]

Phaeodactylum tricornutum microfluidic cytometer measures lipid accumulation
and photosynthetic efficiency [28]

Dunaliella salina Fourier transform infrared
spectroscopy

Examines the growth and lipid
yield [29]

Chlamydomonas reinhardtii
mutants

Droplet microfluidics-based
screening

Analyze growth and lipid
content in populations [25]

Chlorococcum littorale Fluorescence assisted
microalgae screening

Screen algal cells with high lipid
content under nitrogen

deficiency
[69]

3.2. Molecular Approaches

Microalgae combine biotechnological properties of microbial cells (the ability to accumulate
metabolites and fast growth) with typical characteristics pertaining to higher plants (simplicity of
nutritional requirements and efficient oxygenic photosynthesis). This specific combination establishes
the basis of biotechnological approaches for increasing lipid productivity in microalgae [72]. Oleaginous
microalgae have attracted significant interest in the production of biofuel owing to its capacity in
producing large amounts of lipid and fast growth rate [73]. However, lipid accumulation in microalgae
is not conducive to a high growth rate, which is the fundamental limitation in the feedstock production
process. To overcome such a drawback, genetic engineering provides an alternative approach to bypass
the controversial relationships between lipid accumulation and growth rate [74]. It was reported
that genetic engineering strategies that increase lipid accumulation without compromising growth
rate could reduce production cost and fortify the economic sustainability of algae-based biofuels
production [75].

So far, most of the molecular investigations focus on lipid metabolism engineering by
over-expression of the enzymes involved in lipid synthesis or suppressing the competitive pathways
in lipid or biomass production [14]. Meanwhile, genetic engineering of the genes involved in
stress tolerance mechanisms exhibits a significant potential in improving lipid productivity [76].
The integration of these strategies may provide a potential approach for sustainable microalgae-based
biofuel production at a competitive cost.

3.2.1. Lipid Biosynthesis Pathway

Triacylglycerol and FA synthesis included a series of biochemical reactions medicated by different
enzymes. These enzymes’ over-expression would lead to enhancing the enzyme activity and thereby
effectively triggers lipid accumulation [77]. Acetyl-CoA carboxylase (ACCase) is one of the most
exploited enzymes for enhancing lipid accumulation in microalgae. As described by previous reports,
the overexpression of ACCase had less effect on lipid production [45]. However, the synchronized
overexpression of malic enzyme (ME) with a subunit of ACCase (accD) was successful in increasing the
lipid productivity of Dunaliella salina [78]. Similarly, the overexpression of malic enzyme is reported to
enhance the lipid production of Phaeodactylum tricornutum by 2.5 folds without a negative impact on
the growth rate [79].

One of the advances in this area was obtained by the co-expression of five acyltransferases from
yeast in Chlorella minutissima, which elevated lipid production by 2 times without compromising
the growth rate [59]. In addition, the overexpression of several other enzymes, such as acetyl-CoA

64



Sustainability 2020, 12, 9083

synthase, phosphoenolpyruvate carboxylase, pyruvate dehydrogenase, glycerol kinase, and NAD
(H) kinase has been reported to increase lipid accumulation without compromising the growth rate.
A summary of the molecular studies employed for increasing lipid content without sacrificing biomass
production is listed in Table 3.

Table 3. Overviews of molecular approaches employed for overexpression/suppression lipid content
without comprising growth rate.

Genus and
Species

Approach Gene Phenotypic Changes Ref.

Phaeodactylum
tricornutum Suppression Pyruvate

dehydrogenase kinase
Improves lipid (up to 82%)/slight

decrease in growth [80]

Fistulifera solaris Overexpression Glycerol kinase Improves lipid/biomass
productivities [81]

Chlorella
pyrenoidosa Overexpression NAD (H) kinase

Enhance in lipid accumulation by
110.4%/without decreasing

growth rate
[82]

Chlamydomonas
reinhardtii Suppression Phosphoenol pyruvate

carboxylase Improves lipid content (14–28%) [83]

Phaeodactylum
tricornutum Overexpression Malic enzyme Improves lipid content (2.5-fold)

but did not affect the growth rate [79]

N. oleoabundans Overexpression

lysophosphatidyl-
acyltransferases

Increase in lipid content (52% and
42%, respectively) without

decreasing growth rate
[84]Glycerol-3-phosphate

acyltransferase

diacylglycerol
acyltransferase

Chlorella
minutissima Overexpression Co-expression of five

acyltransferases

Improves lipid content (up to
2-fold) but did not affect the

growth rate
[59]

Among the considered strategies, suppressing competitive pathways such as lipid and
carbohydrate catabolism is another approach for improving lipid productivity [85]. Carbohydrate
metabolism is the most important pathway in microalgae for carbon storage and starch production.
Knocking down the starch metabolism pathway may result in the carbon flow towards lipid
synthesis [86]. However, the inhibition of the genes involved in starch biosynthesis may result
in a reduced growth rate, consequently decreasing lipid productivity [87,88].

The suppression of lipid catabolism, particularly the enzymes that catalyze the FA release, is another
promising approach for increasing algal lipid productivity [35,88,89]. Lipid catabolism promotes
membrane reconstruction by providing acyl groups, which is necessary for membrane reorganization of
the photosynthetic system in microalgae [36,90]. However, some studies have indicated that, unlike the
suppression of carbohydrate catabolism pathways, the inhibition of genes involved in lipid catabolism
may have less influence on growth rate [35,89]. Therefore, enzymes involved in algal lipid catabolism
have been considered as a potential alternative for a simultaneous increase in biomass and lipid yield.
In an investigation, a mutant strain of Thalassiosira pseudonana showed 3.5 times more lipid synthesis
after inactivation of the specific multiuse enzymes acyltransferase/lipase/phospholipase [35]. In another
study, Nguyen et al. [36] reported that the suppression of the gene involved in FA degradation of
Chlamydomonas mutant, Cre01.g 000300, could increase lipid content without impacting the growth rate.
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3.2.2. Molecular Approaches for Modulation the Stress-Related Mechanisms

Lipid biosynthesis pathway in algae is a multi-step reaction, catalyzed by an enzyme complex [63].
Under optimal conditions, algae cell growth is endorsed by increased transcription and translation
processes, which led to high biomass productivity [44]. However, under nutrient starvation conditions
the microalgae growth is constrained, as most of the anabolic machinery is retarded. Therefore,
identification of the behavior and mechanism of these enzymes under various environmental conditions
is important in improving the lipid productivity of microalgae strains [14]. Wan et al. [88] studied the
impacts of iron concentrations on the lipid yield of Chlorella sorokiniana. The expression of acc1, accD
and rbcL genes are up-regulated at higher concentrations of iron, leading to greater lipid yield, without
negatively affecting the growth rate. Similarly, Fan et al. [82] showed that the overexpression of the
AtNADK3 of Chlorella pyrenoidosa considerably increased the lipid content with no adverse impact on
the growth rate.

Additionally, manipulation of stress-responsive promoters is considered a potential approach to
increase lipid production without negative impacts on growth rate [14]. For example, overexpression
of the diacylglycerol acyltransferases gene controlled by the phosphorus limitation-inducible promoter
has promoted lipid production by 2.5 folds in an engineered strain of Chlamydomonas reinhardtii,
when compared to the control group [91]. Further heterologous expression of this construct in
Nannochloropsis sp. NIES-2145 under phosphorus limitation also resulted in higher lipid yield (1.7
times more than the wild strain) [92].

Key transcription factors (TFs), as well as the enzymes and promoters, can be targeted for genetic
engineering to achieve high lipid productivity [14]. Overexpression of the TFs involved in the regulation
of lipid biosynthesis pathways can divert the metabolic flux toward lipids accumulation. Therefore,
identification of TF-encoding genes and their subsequent manipulation in their hosts would be an
efficient genetic approach for developing the robust microalgae strains [14]. Successful reports have
emerged to verify the important roles of different TFs in enhancing the lipid yield without decreasing
the growth rate (Table 4). For instance, TF GmDof4 expression from Glycine max in C. ellipsoidea
contributed to enhancing the lipid accumulation from 46% to 53% with no negative impacts on
growth rate [93]. In other investigations, the manipulation of CHT7 [94] and PSR1 [95] elevated lipid
production in C. reinhardtii without comprising the growth rate. Similarly, Ajjawi et al. [96] studied the
transcriptional profiling of N. gaditana under nutrient limitation conditions. They identified 20 efficient
TFs for lipid accumulation in N. gaditana, and performed insertional knockout on 18 of these 20 TFs by
CRISPR/Cas9 reverse-genetics pipeline.

Table 4. Some genetic studies are employed for transcription factors (TFs) in different microalgae species.

Species Transcription Factors Purpose of Modification Ref.

C. reinhardtii
Compromised
Hydrolysis of

Triacylglycerols (CHT7)
Manipulation of CHT7 TF increased lipid productivity [94]

C. reinhardtii PSR1 Manipulation of PSR1 TF increased growth rate
(two-fold or more) and an increase in lipid content [95]

N. salina NsbHLH2 Overexpression of NsbHLH2 increased biomass
productivity (509.3 mg L−1)/lipid content (9.96% DW) [97]

N. salina Basic leucine zipper
(bZIP)

Under the N-deprivation conditions, transformants
showed an increase of up to 88% and 39% in lipid

content and biomass productivity, respectively.
[98]

C. ellipsoidea GmDof4 Overexpression of GmDof4 increased the lipid content
by 52.9% but did not affect the growth rate [93]
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Table 4. Cont.

Species Transcription Factors Purpose of Modification Ref.

D. bardawil WRKY
WRKY up-regulates carotenogenic genes to increase
carotenoid and is important in adaptation to abiotic

stress
[99]

P. tricornutum RING-GAF-Gln RGQ1 is involved in early nitrogen starvation [100]

N. gaditana Zn(ii)2Cys6
Doubled the strain’s lipid content without decreasing

growth rate [96]

H. pluvialis Myb TFs can affect other TFs to enhance
astaxanthin/carotene biosynthesis [101]

3.3. Cultivation Stage

Although biomass/lipid production in microalgae is species-specific, the type of selected cultivation
system is important in determining whether a feedstock production system will be economically
feasible for biofuel production [44]. An ideal cultivation strategy would enable algae strains to grow
rapidly with a synchronized increase in lipid content [19]. Cultivation strategies are categorized to
single-stage strategies (e.g., semi-continuous, fed-batch, and continuous), integrated strategies and
two-stage cultivation systems (Figure 3). [17,19,102]. These cultivation strategies, with emphasis on
enhancing simultaneous biomass and lipid production, are discussed in the next sections.

 
Figure 3. Diagram of the different cultivation systems.

3.3.1. One-Stage Cultivation Strategy

Single-stage cultivation systems are categorized into five main groups: batch, continuous,
fed-batch, and semi-continuous. As mentioned above, cultivation systems strongly influence the
optimization of algal biomass and lipid production [102]. A comparison of the characteristics of
various single-stage strategies indicates that the high lipid productivity can be achieved readily
using semi-continuous strategy due to the strong stressful conditions associated with this cultivation
system [19].

In contrast to the semi-continuous strategy, fed-batch and continuous cultivation systems
are applied when the required nutrient level is available from the beginning of the cultivation
process; in such cases, the medium gradually reaches a point of nutrient deprivation, which lead
to lower lipid yield [79]. Generally, continuous systems tend to provide negligible lipid content,
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leading to their dismissal as sustainable platforms for microalgae-based biodiesel production [103].
However, some investigations have shown the possibility of using these cultivation strategies to
improve microalgae biomass and lipid productivities through precision nutrient limitation. For
instance, simultaneous lipid and biomass production was obtained in continuous chemostat culture
when continuous feeding of BG11 media was supplemented with lipid inducers such as sodium
chloride and sodium acetate [103]. Accordingly, Wen et al. [104] achieved high biomass and lipid
productivity in continuous chemostat mode when the specific nitrate input rate was in the range of
0.78–4.56 mmol g−1 day−1. In other investigations, Del Rio et al. [105] cultivated Pseudokirchneriella
subcapitata in continuous chemostat culture. The highest FA productivity was reported in nitrate
concentration ranging from 3 to 5 mM. Some examples of such studies are outlined in Table 5.

Table 5. Lipid/biomass productivities in different algae strain cultivated under a single-stage
cultivation strategy.

Microalgae Species Strategy Adopted
Productivity

(mg L−1 day−1)
Dilution Rate Ref.

Choricystis minor Continuous 82 0.014 h−1 [106]

Chlorella minutissima
Dunaliella tertiolecta

Continuous
1.37 0.33 day−1

[107]
0.91 0.42 day−1

Chlorella pyrenoidosa Fed-batch 1.45
388.0 μg L−1 h−1 [102]

Batch 96.28

Neochloris oleoabundans Continuous - - [108]

Chlorella vulgaris

Batch

0.94

- [13]

Chlorella sorokiniana 0.85
Neochloris oleoabundans 1.31
Chlorococcum oleofaciens 0.86

Scenedesmus naegleii 0.83
Scenedesmus dimorphus 1.11

3.3.2. Two-Stage Strategy

In microalgae, the cultivation conditions for lipid accumulation are different from those needed for
biomass production. Thus, how to optimize cultivation conditions to achieve high lipid and biomass
and production, is a big challenge in feedstock production [41,109]. In this sense, the two-phase system
has been proposed as a win-win strategy to overcome the trade-off effect between biomass and lipid
yield [20]. In the two-step cultivation system, a nutrient-rich growth medium is used in the first step to
obtaining maximal biomass production. After an adequate concentration of algal biomass is produced,
the medium condition changes into a stress induction condition in the second step [19,110]. It was
reported, in the two-step system, that the average increase in biomass production is higher than in
non-hybrid strategies, 12.5% more than photobioreactors, and 46–74% more than open ponds [41].

Based on various stimuli, two-stage cultivation strategies are classified into five groups: inducer
addition by two-stage strategy, starvation-based two-stage strategy, metabolic switch by two-stage
strategy, and irradiation-based two-stage strategy [40,41]. The next section of this article discusses
various kinds of two-stage cultivation systems based on different stresses are described.

Nutrient Starvation

Nutrient starvation is demonstrated as an efficient approach to enhance lipid
accumulation [111,112]. Of many various nutrient starvation strategies, nitrogen deprivation is
one of the reliable methods to enhance lipid production in microalgae [16,113]. However, under
nutrient depletion conditions, the growth rate is considerably decreased, resulting in lower lipid
productivity. Accordingly, the two-stage strategy is proposed to address this issue, in which lipid and
biomass production are split into separate steps [114,115]. In nutrient limitation strategy, the duration
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ratio between nitrogen-replete and deplete phases as well as the initial cell density in the second stage
are crucial in optimization algal lipid and biomass production [11,116].

In terms of diatoms, silica deprivation is a preferred stress strategy for enhancing lipid
accumulation [109]. The silica-limitation effect is more severe and rapid than nitrogen deficiency in
this taxonomy. It was reported that silica deprivation can provide a controllable approach to enhance
lipid biosynthesis in the two-step strategy. As an example, silica deprivation enhances the lipid content
in diatoms of Cyclotella cryptica, Navicula saprophila and Chaetoceros muelleri up to almost 104%, 110%,
and 89%, respectively [16,117].

Due to the efficiency of both nutrient limitation methods, a novel two-step model with nitrogen
(N)-silicon(Si)-starvation has been suggested. In this strategy, the co-limitation of silicon and nitrogen
not only improved lipid accumulation but also increased biodiesel quality of Skeletonema costatum [118].

Other than nitrogen and silicon, phosphorus is also vital for microalgal cell growth. In a number
of cases, phosphate deprivation was reported to be more efficient than nitrogen starvation, such as the
case in the two-step strategy of Ankistrodesmus falcatus where lipid productivity was higher than that in
the nitrogen limitation method [119–121]. Additionally, reports on the effects of phosphate starvation
on algal lipid productivity, based on the experimental setup, seem to be strain dependent. For instance,
the lipid accumulation of Phaeodactylum tricornotum, Pavlova lutheri, Chaetoceros, and Dunaliella salina
enhanced under phosphorus starvation, but, conversely, under such a condition, lipid content in
Tetraselmis, Chlorella, and Nannochloris atomis was decreased. It is indicated that not all algae strains
enhance their lipid accumulation during phosphate starvation conditions [55,120,122].

Inducer Addition

Although different inducers such as high salinity, low salinity, halo-alkalinity, and phytohormones
could have a positive influence on algal lipid production [123,124], the changes in the culture medium
are often associated with decreased cell growth in exchange for lipid production [125]. Therefore,
integrating different inducers with a two-stage strategy can be an efficient strategy in optimization
algal biomass and lipid productivities. For instance, applying salinity stress in the second phase of the
two-step strategy increased the lipid content of I. galbana from 24% to 47% [126]. Similarly, inducing
salinity stress in the two-step system was found to increase the lipid yield of Monoraphidium dybowskii
LB50 [127]. It was reported that the salinity-based two-step cultivation strategy not only increases lipid
productivity but also promotes the biodiesel quality obtained from the microalgae [40]. For instance,
the biodiesel properties of saponification value, cetane number, long-chain saturation factor, and iodine
value are considerably promoted in the salinity-based two-step strategy of Scenedesmus obtusus XJ-15
compared to one-step strategies [40,128].

A combination of high alkaline salt and pH (halo-alkalinity) can be readily adopted in this
cultivation strategy. It was reported that the addition of hydrochloric acid and sodium bicarbonate can
control pH in the culture medium in certain types of microalgae [40]. Wensel et al. [129] designed a
halo-alkalinity-based two-step strategy in Chlorella pyrenoidosa and achieved a high lipid and biomass
yield as well as high autoflocculation harvesting efficiency of 64.1%.

As mentioned above, microalgae lipid productivity can be improved by the induction of
stressful conditions. However, such stresses often negatively affect the photosynthetic activity
and, consequently, decrease the production of desired products [16]. The major reason for the
decreased photosynthesis activity is the production of reactive oxygen species (ROS), which impairs
the photosynthetic systems [130]. To solve this problem, a number of approaches have been suggested
to reduce the oxidative stress caused by stressful conditions and hence increase lipid and biomass
production [131,132].

Recent studies on the bicarbonate application in the cultivation process show that not only is
it considered as a carbon source, but also act as an oxidative stress mitigator [86]. Under nutrient
depletion conditions, the addition of sodium bicarbonate considerably decreased the oxidative stress
caused by ROS and promoted the activities of antioxidant enzymes of Dunaliella salina, resulting in
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increased lipid and biomass production [130]. In an investigation, manipulating the iron, nitrate,
and carbonate was reported to increase lipid and biomass production of three microalgae Chlorella sp.,
Scenedesmus sp., and Chlamydomonas sp. [133]

Apart from bicarbonate addition, phytohormones also play an important role in metabolism
regulation and growth of microalgae [86,131]. Phytohormone could increase the antioxidant system
in the microalgae, which keeps a redox balance state under stressful conditions. The combination of
plant hormones with a two-stage culture system may be efficient in increasing the higher biomass
and lipid production in microalgae [131,134]. For instance, the integration of a two-stage strategy
(heterotrophic-photoautotrophic) with fulvic acid results in an increase of 54–65% in the lipid content
of Monoraphidium sp. [135]. Table 6 shows some examples of inducer-based two-stage cultivation.

Table 6. Lipid/biomass concentration of growth mediums in different strains of microalgae
supplemented with various types of inducers.

Genus and Species
Lipid Productivity

(g L−1 day−1)
Type of Inducer Ref.

Tetraselmis sp. 0.285 Salinity + Nitrogen starvation [125]

Chlorella sorokiniana DPK 0.690
Diethyl aminoethyl hexonate(DA-6),

Indole-3-acetic acid (IAA) and N
starvation

[136]

Chlorella sorokiniana 0.502
0.494 IAA cytokinin- kinetin (K) [132]

Scenedesmus obtusus XJ-15 0.607 Salinity stress [38]

Nannochloropsis oculata 0.324 Salinity stress [137]

Dunaliella salina
KSA-HS022 0.565 Salinity stress [138]

Chlamydomonas
reinhardtii 0.109 Combination of NaCl/CaCl2 [139]

Chlorella vulgaris 0.800 Salinity + Nitrogen starvation [140]

Metabolic Switch

Microalgae can adopt different trophic modes, including photoheterotrophic, heterotrophic,
and mixotrophic, based on energy and the available carbon source [40]. Algal biomass is generally
produced through a photoautotrophic culture where microalgae can convert water and carbon dioxide
into feedstock through the photosynthesis process [141]. Among all the required cultivation conditions,
adequate light is recognized as a crucial factor for photoautotrophic conditions. Generally, insufficient
light penetration, resulting from mutual shading, is the main limiting factor for microalgae cultivation
under an autotrophic mode [142]. Thus, transferring the microalgae growth culture into the second
phase under mixotrophic or heterotrophic conditions can reduce the culture’s need for sunlight [17,143].

Microalgae cells are typically grown in a photoautotrophic mode in the first phase, and then transfer
the cultured algal biomass into a heterotrophic reactor where algal cells use organic carbon to synthesize
oil [144]. Additionally, integration of a two-step strategy with wastewaters, as a nutrient source,
can considerably decrease feedstock production costs. Wastewater containing organic compounds
generally can be applied as the nutritional sources for heterotrophic or mixotrophic culture media,
while wastewaters without organic carbon can be used for phototrophic cultivation mode [145–147].

Up to date, various cultivation modes have been integrated with the treatment of different
wastewater types for the production of the microalgae feedstock [142]. Pure simple strategies in
phototrophic and heterotrophic, mixotrophic modes, and combinations of phototrophic, heterotrophic,
and mixotrophic cultivations on microalgae growth have been studied in several studies (Table 7).
These achievements demonstrated the notion of a two-stage strategy as a desirable strategy for
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obtaining high lipid and biomass concentrations. Xiong et al. [148] compared the efficiency
of single-stage heterotrophic mode with photosynthesis–fermentation model on C. protothecoides.
Photosynthesis–fermentation strategy presented a better performance in terms of lipid productivity
(69% higher lipid content) than the one-step heterotrophic mode. Zhou et al. [149] combined a two-step
mix-photoautotrophic cultivation strategy with wastewater treatment to produce animal feed and
biofuel production. In a similar investigation, a hetero-photoautotrophic microalgal growth mode
was investigated for improving wastewater treatment and the production of low-cost algal biofuel
feedstock from Auxenochlorella protothecoides [150].

Similarly, Liu et al. [151] studied the effects of cultivation strategies including heterotrophic +
mixotrophic strategy, heterotrophic strategy, autotrophic cultivation, and heterotrophic + autotrophic
strategy on the lipid /biomass production of Chlorella sp. HQ. The results showed that the heterotrophic
+mixotrophic two-phase culture system was the best strategy for improving the microalgal biomass
and heterotrophic cultivation was the best strategy for microalgae lipid accumulation of Chlorella sp.
HQ. Although several studies are focusing on these aspects, an effective microalgae-based system
that does not compromise the growth or lipid content is yet to be found [152]. Some of the obtained
lipid/biomass productivity levels of various wastewaters as growth media are presented in Table 7.

Table 7. Comparison of the achieved lipid/biomass productivities of different wastewaters as growth
media for cultivating various algal species.

Microalgae
Strain

Biomass
Productivity

(g L−1)

Lipid
Productivity

(mg L−1 day−1)

Metabolism Mode/
Type of Wastewater

Refs.

Chlorella
vulgaris 4.9 80 Salinity + Nitrogen

starvation/wastewater [140]

Phaeodactylum
tricornutum 54.76 54.76 Mixed municipal wastewater and

seawater [153]

Chlorella
vulgaris 226.6 108

two-stage photoautotrophic–
photoheterotrophic/mixotrophic

mode
[154]

Chlorella
sorokiniana >7 83.5% Three-stage cultivation/Farm

wastewater [155]

Chlorella
vulgaris 2.92 163 Wastewater + glycerol addition [156]

Chlorella
vulgaris 1.89 ± 0.07 24.7 ± 1.2 Photo-mixotrophic/

Centrate wastewater [157]

Irradiation

Manipulation of irradiation-based stimuli, in terms of intensity and wavelength, has been
recognized as a potential approach for enhancing lipid content in various kinds of cultivation
strategies [61,126]. He et al. [22] found that fluctuating the light intensities (990 to 1486 μ mol photons
m−2 s−1) increased the lipids yield of six microalgae strains. In another study, increasing the light
intensity from 300 to 500 μ mol m−2 s−1 considerably increased the lipid productivity of Nannochloropsis
oculata. In this study, the lipid productivity value obtained in the two-step strategy was nearly three
times more than the one-step strategy [137].

Apart from light intensity, light frequency is also important in photosynthesis; it can influence algal
biomass productivity [45]. Microalgae have a light-harvesting antenna, which primarily absorbs light
wavelengths in the visible spectrum [158]. It has been shown that the coupling of red light-emitting
diode (LED) and 10–30% blue LED provides the proper light frequency for feedstock production.
In contrast, green wavelengths cannot be absorbed by microalgae cells but may have a positive
impact on increasing lipid accumulation in microalgae [126,159,160]. Therefore, integrating different
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wavelengths of lights, with a two-stage strategy can be an efficient strategy in optimization algal
biomass and lipid productivities. So that, in the first stage, the microalgae were cultivated under red
and/or blue LEDs to achieve maximal biomass productivity. Then, in the second stage, a green LED
(520 nm) stress was stimulated to increase lipids accumulation [126]. In an investigation, LEDs were
applied to improved cell growth and lipid production of Picochlorum atomus by a two-step strategy.
The results indicate that biomass productivity under red LED light was higher than that produced by
yellow, blue, and purple LEDs in the first phase. The highest lipid production was achieved (50.3%)
with green LED light in the second stage [161].

3.3.3. Combined Cultivation Strategies

Although microalgae can produce higher lipids/biomass productivity compared with terrestrial
plants, commercialization of the microalgae-derived biofuels is hampered by the production of the
high cell density culture with high lipid content [162]. Generally, each of the cultivation strategies
has its own merits in terms of the biomass/lipid yield. It might be favorable to integrate two or more
cultivation systems to obtain higher lipid/biomass productivity. Notably, whether the combined or
single cultivation systems are applied; it is vital to ensure that microalgae-based-biofuel production
with the proposed strategies is more feasible than the conventional culture strategy. For instance,
the combination of a two-stage system with a fed-batch strategy led to higher lipid productivity in
comparison with a fed-batch system [163]. Similarly, the integration of a semi-continuous system
with a two-stage strategy could also offer better efficiency in terms of increasing lipid productivity in
Neochloris oleoabundans [164].

In addition, the analysis of the biological characteristic of various algae species and optimization
of cultivation strategies are of paramount importance in improving lipid and biomass productivity.
For instance, Nayak et al. [165] optimized a continuous two-step strategy of Chlorella sp. HS2,
with supplementation of additional phosphorus at the start of nitrogen starvation in the second phase.
In other investigations, Ghidossi et al. [166] proposed an efficient two-stage fed-batch cultivation
strategy based on the carbon to nitrogen mass ratio (C/N) the culture medium. In the first phase of this
strategy, high cell concentrations were used under carbon starvation (lower C/N ratios). In the second
phase, high lipid content was obtained under nitrogen depletion conditions (higher C/N ratios). In this
study, lipid productivity attained 2- to 5-fold increase compared to other studies [166–168].

4. Downstream Measure

It is documented that determining the strategies that provide the best performance in harvesting,
and after-harvesting stages are of paramount importance in achieving the commercially feasible
feedstock production process [20]. The downstream technologies generally include the best harvesting
and after-harvesting methods without having qualitative damages to algal biomass and/or lipid
content [20,50,51].

4.1. Harvesting Stage

Harvesting is an important stage in the feedstock production process that requires to be investigated
carefully throughout an integrated approach [49,51]. Accordingly, establishing the strategies that
provide the best performance without qualitative damages to FA profiles, biomass, and lipid contents
is crucial in implementing successful feedstock production [51]. Some strategies have been developed
for algal biomass recovering, which the major ones include membrane filtration, centrifugation,
and coagulation [124]. The effects of various harvesting methods on FA change and cell damage are
presented in Figure 4.
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Figure 4. Effects of different harvesting methods on fatty acid (FA) changes and cell damage.

Flocculation is a convenient harvesting strategy for recovering large volumes of algal biomass [169].
It can be performed by conventional harvesting methods, e.g., bioflocculation, chemical flocculation,
or novel strategies such as magnetic nanoparticles [170]. It was reported that alum and alkaline
flocculation did not severely affect total lipid content. In an investigation, Chatsungnoen et al. [171]
found that metal salts such as ferric chloride and aluminum sulfate irreversibly bind to the biomass of
Neochloris, Nannochloropsis, and Chlorella, sp. However, these metal coagulants did not significantly
impact the biomass and total lipid content. In another study, Vandamme et al. [51] obtained slightly
lower lipid content by alkaline or alum flocculation. The reduced lipid content might be explainable by
the algal extracellular organic matter (EOM) interaction with the used coagulants [51,172]. Bioflocculants
can reduce the demand for chemical flocculants. However, the competition between the bacteria
and algae is a drawback for co-cultivation of bioflocculant-producing bacteria and microalgae, which
subsequently can affect algal lipid content and cell density. In the recent past, some harvesting
strategies have been proposed as promising approaches for algal biomass recovering. Among them,
electro-coagulation–floatation (ECF) is considered a good substitute to conventional harvesting methods
such as the chemical flocculation approach, due to the low energy requirement and no direct use of
coagulant [173]. Fayad et al. [174] applied ECF, using iron and aluminum electrodes, for the harvesting
of Chlorella vulgaris biomass and reported this harvesting method to have no impact on the amount of
algal lipid production.

Additionally, magnetic particles have been described as an interesting flocculation option for
microalgal harvesting, in which suspended algae cells were adsorbed or tagged to nano-sized or
micron-sized magnetic particles. The tagged composites were separated using external magnet force
because of intrinsic paramagnetic movement [175]. Liu et al. [52] applied magnetite nanoparticles
(nano-Fe3O4 covered with polyethyleneimine) to recover microalgae C. pyrenoidosa and S. obliquus,
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and reported the process did not reduce the lipid content of microalgae. In another study, C. pyrenoidosa
cells were harvested by the method of flocculation using Fe3O4-silica nanoparticles for improving
microalgae lipid production [176].

As for the FA profile, contradicting results have been reported in different harvesting methods.
Some studies showed significant differences in obtained FA profiles in various recovering strategies,
but in other investigations, the differences were not significant (Table 8). For instance, in a study,
three harvesting methods of centrifugation, microfiltration membrane, and coagulation were analyzed
in Chlorella sp. biomass recovering. Coagulation was found to exhibit the most poorly results in terms
of obtained FA profiles compared to centrifugation and microfiltration membranes [177,178].

Membrane filtration is another efficient harvesting strategy for the aggregation of microalgal
cells. Operating under a low trans-membrane pressure makes the approach less energy-intensive
than centrifugation, and the long membrane lifespan makes the harvesting process more cost-effective
in the long term [179]. Membrane-based separation processes also pose several challenges such as
membrane clogging, and electrostatic repulsion from the negative surface charges of microalgae cells
and membrane surface.

Table 8. Lipid recovery under various harvesting strategies.

Microalga Species Harvesting Method FAME Profile Lipid Yield (%) Ref.

Chlorella sp.
flotation +

centrifugation MUFA increase 13.4 [180]
Centrifugation PUFA increase 9.9

Chlorella sp.
Centrifugation No change 27

[178]Microfiltration No change 26
Coagulation No change 15

Nannochloropsis
oculata

Flocculation with
NaOH

The balance between SFA,
PUFA, and MUFA 4.3

[177]

Flocculation with
Magnafloc

Lower C20:5 and higher
C14:0 and ~4.4

Filtration The balance between, SFA,
PUFA, and MUFA 3.6

Thalassiosira
weissflogi

Flocculation with
Flopam

C18:0, C18:1n9c, and C16 0,
increase 4.12

The balance between, SFA,
PUFA, and MUFA ~3.1

The balance between
MUFA, PUFA, and SFA 2.77

FAME: FA methyl esters; SFA: Saturated FAs; MUFA: Monounsaturated FA (%); PUFA: Polyunsaturated FAs.

Centrifugation represents an alternative strategy that can be used in pilot-scale production.
The harvesting by centrifugation generally presents better results in terms of lipid content when
compared to filtration or flocculation [178,179]. However, it should be noted that algal cells exposed
to high gravitational forces during centrifugation can result in structural cell damage and small FA
profile changes. The effects of harvesting strategy on biomass quality are important when biochemical
components must meet quality standards for further processing of obtained algal biomass, e.g., lipids
for biodiesel production (Figure 3) [49].

4.2. Post-Harvesting Stage

Lipid enhancement approaches involving alteration of environmental conditions and nutrient
limitation regimes such as temperature, light, and nutrient limitation (e.g., phosphorus and nitrogen) are
conventional strategies applied to increase lipid production in microalgae [16]. Generally, conventional
stress-inducing methods are applied during the cultivation stage [19]. However, recent investigations
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have shown that the application of different strategies in other stages of the feedstock production process
also can improve lipid and/or biomass production in microalgae [51,123,181]. It was reported that the
stress induction in the post-harvesting stage resulted in a positive effect in the lipid accumulation of
Chlorella vulgaris [50]. In this investigation, the high lipid content in the after-harvesting stage was
achieved in one day of nutrients starvation under dark conditions. The lipid production under these
conditions was considerably increased compared to the control group. In addition, it was demonstrated
that the main produced FAs of C. vulgaris were oleic acid, palmitic acid, and linoleic acid, sharing
similar FA profiles to those of soybean, sunflower, and corn oil [50].

Additionally, microalgae-based biofuels are produced from algal feedstock by thermochemical,
biochemical, and chemical methods. Among the thermochemical techniques, pyrolysis is considered
as a potential approach involving high pressure and high temperature to produce bio-oil and biochar
from the microalgal feedstock. Therefore, selecting a suitable pyrolysis method can influence obtaining
a desirable quality and quantity of bio-oil from algae [182].

5. Conclusions

Microalgae have received widespread interest owing to their unique properties in producing
large amounts of lipids and fast growth rates. However, algal strains exhibit conflicting features in
terms of the conditions required for maximal lipid and biomass production. These contradictory
features can be mitigated by applying appropriate strategies throughout the biomass production
process. The purpose of this article is to review the technologies and advancements available for
enhancing lipid productivity in microalgae species. The first step in the feedstock production process
is screening the right alga with relevant properties and further improvement of those platform species
by genetic manipulation. Approaches like genetic modification at the metabolic and genomic levels
can be beneficial in improving biomass/lipid production. Additionally, it has been reported that,
throughout cultivation, threshold nutrients give lower lipid content but high biomass yield and vice
versa. These conditions can be mitigated by optimizing an appropriate two-phase cultivation strategy.
Apart from the two-stage cultivation strategy, alteration growth parameters in some other cultivation
strategies such as continuous chemostat can also produce higher lipid/biomass yield. Establishing
the strategies that provide the best performance in the harvesting stage without qualitative damages
to microalgae biomass and/or lipid content is important in the successful implementation of the
feedstock production process. Magnetic and Bio-based flocculants are very promising for algal biomass
recovering. Thus, choosing an appropriate screening, cultivation, harvesting, and after-harvesting
strategies can influence obtaining desirable quantity and quality of bio-oil from algae. It is our hope
that this review article could inspire ongoing efforts in developing sustainable microalgae-derived
biofuel production with improved biomass/lipid yield at an economically feasible cost.

Author Contributions: Conceptualization, Z.S., and H.S.; software, Z.S., H.S., O.H.C., S.S.R.K., and M.P.;
validation, Z.S.; formal analysis, Z.S., and H.S.; investigation, Z.S.; resources, Z.S., H.S., O.H.C., W.J.L., S.S.R.K.,
M.P., and A.F.I.; data curation, Z.S.; writing—original draft preparation, Z.S.; writing—review and editing,
Z.S., H.S., O.H.C., W.J.L., and A.F.I.; visualization, Z.S., H.S., O.H.C., W.J.L., S.S.R.K., M.P., and A.F.I.; project
administration, Z.S., H.S., O.H.C., W.J.L., S.S.R.K., M.P., and A.F.I.; funding acquisition, Z.S., H.S., O.H.C., W.J.L.,
S.S.R.K., M.P., and A.F.I. All authors have read and agreed to the published version of the manuscript.

Funding: Ministry of Education, Youth, and Sports of the Czech Republic and the European Union (European
Structural and Investment Funds Operational Program Research, Development, and Education) in the framework
of the project “Modular platform for autonomous chassis of specialized electric vehicles for freight and equipment
transportation”, Reg. No. CZ.02.1.01/0.0/0.0/16_025/0007293, as well as the financial support from internal grants in
the Institute for Nanomaterials, Advanced Technologies and Innovations (CXI), Technical University of Liberec (TUL).

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

References

1. Singh, D.; Sharma, D.; Soni, S.; Sharma, S.; Sharma, P.K.; Jhalani, A. A review on feedstocks, production
processes, and yield for different generations of biodiesel. Fuel 2020, 262, 116553. [CrossRef]

75



Sustainability 2020, 12, 9083

2. Günay, M.E.; Türker, L.; Tapan, N.A. Significant parameters and technological advancements in biodiesel
production systems. Fuel 2019, 250, 27–41. [CrossRef]

3. Milano, J.; Ong, H.C.; Masjuki, H.; Chong, W.; Lam, M.K.; Loh, P.K.; Vellayan, V. Microalgae biofuels as an
alternative to fossil fuel for power generation. Renew. Sustain. Energy Rev. 2016, 58, 180–197. [CrossRef]

4. Ullah, K.; Ahmad, M.; Sharma, V.K.; Lu, P.; Harvey, A.; Zafar, M.; Sultana, S. Assessing the potential of algal
biomass opportunities for bioenergy industry: A review. Fuel 2015, 143, 414–423. [CrossRef]

5. Shanmugam, S.; Hari, A.; Pandey, A.; Mathimani, T.; Felix, L.; Pugazhendhi, A. Comprehensive review on
the application of inorganic and organic nanoparticles for enhancing biohydrogen production. Fuel 2020,
270, 117453. [CrossRef]

6. Sharma, Y.; Singh, B.; Upadhyay, S. Advancements in development and characterization of biodiesel:
A review. Fuel 2008, 87, 2355–2373. [CrossRef]

7. Stephen, J.L.; Periyasamy, B. Innovative developments in biofuels production from organic waste materials:
A review. Fuel 2018, 214, 623–633. [CrossRef]

8. Vassilev, S.V.; Vassileva, C.G. Composition, properties and challenges of algae biomass for biofuel application:
An overview. Fuel 2016, 181, 1–33. [CrossRef]

9. Khalid, A.A.H.; Yaakob, Z.; Abdullah, S.R.S.; Takriff, M.S. Growth improvement and metabolic profiling
of native and commercial Chlorella sorokiniana strains acclimatized in recycled agricultural wastewater.
Bioresour. Technol. 2018, 247, 930–939. [CrossRef]

10. Deng, X.; Li, Y.; Fei, X. Microalgae: A promising feedstock for biodiesel. Afr. J. Microbiol. Res. 2009, 3,
1008–1014.

11. Nayak, M.; Suh, W.I.; Chang, Y.K.; Lee, B. Exploration of two-stage cultivation strategies using nitrogen
starvation to maximize the lipid productivity in Chlorella sp. HS2. Bioresour. Technol. 2019, 276, 110–118.
[CrossRef] [PubMed]

12. Shokravi, H.; Shokravi, Z.; Heidarrezaei, M.; Lau, W.J.; Koloor, S.S.R.; Petrů, M.; Chyuan, O.H.; Ismail, A.F.
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Abstract: Examining the influence of thermal conditions in the engine cylinder on engine combustion
characteristics is critically important. This may help to understand physical and chemical processes
occurring in engine cycles and this is relevant to both fossil fuels and alternative fuels like biodiesels.
In this study, six different biodiesel–diesel blends (B0, B10, B20, B40, B60 and B100 representing 0,
10, 20, 40, 60 and 100% by volume of biodiesel in the diesel–biodiesel mixtures, respectively) have
been successfully tested in a cooperative fuel research (CFR) engine operating under a wide range
of thermal conditions at the start of fuel injection. This is a standard cetane testing CFR-F5 engine,
a special tool for fuel research. In this study, it was further retrofitted to investigate combustion
characteristics along with standard cetane measurements for those biodiesel blends. The novel
biodiesel has been produced from residues taken from a palm cooking oil manufacturing process.
It is found that the cetane number of B100 is almost 30% higher than that of B0 and this could
be attributed to the oxygen content in the biofuel. Under similar thermal conditions at the start
of injection, it is observed that the influence of engine load on premixed combustion is minimal.
This could be attributable to the well-controlled intake air temperature in this special engine and
therefore the evaporation and mixing rate prior to the start of combustion is similar under different
loading conditions. Owing to higher cetane number (CN), B100 is more reactive and auto-ignites
up to 3 degrees of crank angle (DCA) earlier compared to B0. It is generally observed in this study
that B10 shows a higher maximum value of in-cylinder pressure compared to that of B0 and B20.
This could be evidence for lubricant enhancement when operating the engine with low-blending ratio
mixtures like B10 in this case.

Keywords: biodiesel; CFR engine; engine combustion; ignition delay; maximum rate of pressure rise;
thermal condition at start of injection

1. Introduction

Biodiesels are environmentally friendly alternative fuels and have important properties close
to that of fossil diesel. Biodiesels are manufactured from different feedstock including vegetable
oils, animal fats and algae [1]. The transesterification reaction between triglycerides available in the
feedstock and methanol is the standard method to produce biodiesels (a mixture of different fatty acid
methyl esters—FAMEs) and glycerols [1,2]. A number of studies on utilizations of biodiesels and their
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blends in compression ignition engines can be found in current literature [2–8]. Excellent reviews on
the topic (both fundamental studies and biodiesels’ utilizations) are provided in [9–12]. Key findings
are: (i) Biodiesels have lower calorific values compared to fossil counterparts and this leads to
a penalty in fuel economy when operating engines with biodiesels and their blends. The increase in
fuel consumption when using biodiesels is approximately proportional to the loss in their calorific
value [1,13,14]; (ii) compared to diesel, blends of biodiesel–diesel normally show shorter ignition delay
times and a reduced heat release rate (HRR) as well as a slightly higher efficiency [10]. The shorter
ignition delay times are due to the higher cetane number (CN) of biodiesels; (iii) significant reductions
in soot emission compositions in the engine exhaust, while there are contradictory statements regarding
particle size distributions and NOx emissions [9]. It is suggested by Damanik et al. in [11] that the
trends in engine performance and emission levels when operating with biodiesel blends should be
interpreted with caution as generalization of the trends is not possible using the results currently
available in the literature [11]. Apart from controversies in some of the reported results as mentioned
above, there are few key issues with respect to existing research on biodiesels: (i) the fuels are generally
selected at random depending on their availability and without any reference to chemical and physical
property variations amongst biodiesels derived from different feedstock; (ii) very few studies report
on the basic auto-ignitability of biodiesels, a feature that may well be important considering how the
influence of different thermal conditions in the cylinder at the start of injection (SOI) on the in-cylinder
pressure development, heat release rate and ignition delay provides a better understanding of biodiesel
auto-ignitability; and (iii) the definition of engine load condition is not consistent amongst the literature,
a number of authors used similar fuel volume flow rates (mL/min) while some others used a similar
amount of input energy (MJ/min) when testing auto-ignition engines with biodiesel blends and diesel.
Those confusions may make the comparison of engine performance when operating with diesel and
biodiesel blends irrelevant.

The engine cycle is very complex as it includes a number of physical processes (e.g., atomization,
evaporation and mixing) as well as chemical processes (e.g., auto-ignition and combustion).
Therefore, studies on these processes are normally conducted in many different laboratory tools
such as open burners [15,16], shock tubes [17], single cylinder engines [18–22] and multi-cylinder
engines [14,23]. Fundamental tools like pilot and co-flow burners [24,25] can be used to deeply
investigate an isolated process like primary atomization [25,26], secondary atomization [27] or
auto-ignition [28]. Single-cylinder engines add more complex processes to that occurring in fundamental
tools (e.g., laboratory burners, shock tubes and rapid compression machine), and single engines like
the CFR engine used in this work have been shown as a useful equipment to closely describe the
engine cycle. Single-cylinder engines normally have a capability of varying compression ratio (CR)
that is impossible in practical multi-cylinder engines [20,29]. In an engine cycle, investigating thermal
conditions at SOI is critically important as the conditions strongly affect the ignition delay, fuel–air
premixed fraction, in-cylinder pressure development and, as such, engine power and efficiency.
Studies conducted in burners, shock tubes, single-cylinder engines and multi-cylinder engines need to
address this.

Cooperative fuel research (CFR) engines have been developed for fuel testing. The special tools
are single-cylinder and variable CR engines. The engines were initially used for examining fuels but
are now used worldwide for exploring the combustion characteristics of research fuels under one of
the five methods: the motor, research, aviation, supercharge and cetane methods [30]. Model F-1/F-2
Combination CFR engine is used to determine the fuel octane number of gasoline-like fuels. This testing
method is conducted under ASTM D2699 and D2700 standards. Model CFR F-5 engine (the one used
in this study) is a complete system for measuring the CN of diesel-like fuels, conforming to the ASTM
D613 standard. This method is accepted worldwide as the standard for determining the auto-ignition
quality of diesel fuels. Further details of the CFR engine used in this study will be shown later in
Section 2.1. Using these special engines to investigate combustion characteristics of biodiesel and its
blends is relevant. The capability of varying the compression ratio makes them special for fuel testing.
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Using a variable CR single-cylinder engine, blends of castor oil-based biodiesel and fossil diesel
(B0, B10, B20, B30, B40, B50 and B100) have been tested in [31] to investigate the influence of CR
and blending ratio on mean gas temperature, cylinder pressure variation, net heat release and mass
fraction burned. The authors have observed that an increase in CR leads to an increase in mean gas
temperature and a decrease in net heat release rate. Another study done by Dash et al. [32] in a variable
CR single-cylinder engine operating with different Nahar biodiesel blends (B0, B5, B10, B20, B30, B40
and B50) showed that combustion duration reduces when increasing the blending ratio up to B40,
then slightly increases for B50 and significantly for B100. It was also observed that the blending ratio
has significant effects on the maximum rate of pressure rise (MRPR), heat release rate and ignition
delay. The influence of thermal conditions at SOI is not addressed in these studies [31,32].

The performance of a four-cylinder engine operating with waste oil, rapeseed oil and corn oil
biodiesels and diesel has been investigated by Tesfa et al. [33] and showed that the influence of fuel
types on heat release rate and specific fuel consumption is not significant. Pham et al. have tested
a number of biodiesels having different physic-chemical profiles in a single-cylinder engine [7,21],
a multiple-cylinder engine [5,34] and burners [24,25], and the authors claimed that the molecular
profiles of biodiesels, determined by their feedstock, have a significant impact on atomization and
combustion characteristics.

Although a number of modern techniques including laser diagnosis can be utilized to study
engine combustion as noted briefly above, in-cylinder pressure transducers have been shown as
one of the most convenient and efficient tools to investigate the engine cycle including combustion
characteristics. Certainly, lasers are a very powerful technique that can be used to deeply diagnose
the physical chemical processes such as quantifying auto-ignition zone [35], measuring combustion
radicals (OH-, and formaldehyde), flame structure and emission. The measurements are impossible
using pressure transducers. Pressure transducers, however, are much cheaper and much easier to
setup and operate. Pressure signals have been used to investigate net heat release, thermal efficiency,
air mass and fuel flow rates, in-cylinder trapped mass, exhaust gas recirculation, emission and noise
control [36–40].

It was reported earlier by Vargas et al. [9] that the number of studies on biodiesels have been
increased rapidly in the last decade. Extensive investigations of in-cylinder pressure development
under a wide range of cylinder thermal conditions at SOI, according to the authors’ knowledge,
are scarce in the literature.

In this study, a CFR F5 engine, a standardized machine known as a cetane testing engine, was firstly
employed with ASTM-D613 [41] to measure CN for different biodiesel–diesel blends (B0, B10, B20, B40,
B60 and B100). The biodiesel used here is produced from the residue of a cooking oil manufacturing
process (not used cooking oil). Then, the system was further equipped with a fast-response in-cylinder
pressure transducer and an encoder to measure the in-cylinder pressure of the engine. This extension
aims to provide an extensive examination of the in-cylinder pressure development under a wide range
of thermal conditions in the cylinder at the timing of fuel injection. The injection timing and CR are
varied in this study so that the thermal conditions at SOI are varied in a wide range.

2. Experiment Setup and Testing Conditions

2.1. Experiment Description

The experiment system used in this study is schematically described in Figure 1a (for the
cooperative fuel research—CFR engine test bed) and Figure 1b (for the enlarged combustion chamber
of the CFR engine). This is a CFR-F5 engine designed for cetane testing. As mentioned earlier,
CFR engines are capable of varying CR and this makes them special, especially for testing combustion
characteristics under different thermal conditions like the one conducted in this study. Under the
standardized operating condition of the engine to measure liquid fuel CN [41], the CFR engine is
operated with a speed of 900 rpm, a CR of 13 and a well-controlled air intake temperature of 65 ◦C
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for all testing conditions. This temperature is quite high compared to that in conventional engines.
The fuel is supplied into the cylinder through an injector (#8) under an injection timing of 13 degrees of
crank angle (DCA). Ignition delay, used for computing CN, is measured using a combustion pickup
sensor (#7) along with a delay sensor (#9).

 
(a) 

(b) 

Figure 1. Experiment setup. (a) Cooperative fuel research (CFR) engine test-bed: 1. electric dyno; 2. top
dead center (TDC) pickup sensor; 3. 13 degrees of crank angle (DCA) pickup sensor; 4. encoder; 5. air
flow sensor; 6.pressure sensor; 7. combustion pickup sensor; (b) the CFR engine’s combustion chamber:
1. locking wheel; 2. handwheel; 3. micrometer; 4. ignition delay meter; 5. piston; 6. combustion
chamber; 7. combustion pickup sensor; 8. injector; 9. injector needle lift sensor; 10. TDC pickup sensor;
11. 13 DCA pickup sensor; 12. flywheel.
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Different from conventional engines, at a specific CR, the combustion chamber of the CFR engine
shown in Figure 1 is a constant volume chamber (#6 shown in Figure 1b) located above the piston
and separately from the chamber formed by the cylinder, piston and cylinder head (chamber 2).
The CR varies by changing the volume of the chamber and this is done by rotating the handwheel
(#2 shown in Figure 1b). The position of the piston is determined using the micrometer (#3 shown in
Figure 1b). The fuel injection timing is exactly measured using an injector needle lift sensor (#9 shown
in Figure 1b). The start of combustion timing is measured using a combustion pickup sensor (#7 shown
in Figure 1b). The combustion chamber is connected to chamber 2 by a small hole located in the
piston’s centerline as shown in Figure 1a. Due to these special characteristics, combustion in this
engine mainly occurs in the constant volume chamber, chamber 2 just works like a pumping system
to create high-pressure conditions for the combustion chamber. This special equipment is good for
studies on combustion characteristics like in-cylinder pressure development, heat release rate and
auto-ignitability. As the combustion chamber of the CFR engine is a constant volume chamber and
has a high air intake temperature as mentioned, this tool may not be suitable for studies related to
whole engine cycles in which emission concentrations, engine power, fuel economy and other engine
performance characteristics are examined.

In this study, the engine is further extended to include a fast-response in-cylinder pressure
transducer (#6, AVL QC33C), an encoder (#4) and a data acquisition and control system (AVL Indiset
620). The extension also includes a gas flow sensor to measure the amount of intake air and an equivalent
air–fuel (or lambda) sensor equipped with a control unit, ECM-0565-128-0702-C manufactured by
WOODWARD as shown schematically in Figure 1. CFR engine specifications are presented in Table 1.

Table 1. CFR-F5 engine operating conditions under cetane testing modes [7].

Parameters, [Unit] Value Note

Speed, [rpm] 900 ± 9 Rpm—revolution per minute

Injection timing, [DCA BTDC] 13 DCA—degree of crank angle
BTDC—before top dead center

Reference ignition delay, [DCA BTDC] 13

Fuel line injection pressure, [bar] 103.0 ± 0.2

Compression ratio 8 ÷ 36

Coolant temperature for injector, [◦C] 38 ± 3

Lubricant pressure, [bar] 1.75 ÷ 2.10

Lubricant temperature, [◦C] 57 ± 8

Engine coolant temperature, [◦C] 100 ± 2

Intake air temperature, [◦C] 65 ± 0.5

Valve thermal gaps, [mm] 0.200 ± 0.025

Lubricant type SAE 30

2.2. Fuels Tested

The biodiesel tested here is produced from the residue of a palm cooking oil production process
and this was reported in our previous study [42]. It was found that the residue left from the cooking
oil production process (not used cooking oil) is still rich in fatty acid esters. Then, biodiesel used in
this work was successfully derived from the special feedstock using triple cycles of heterogeneous
catalyzed transesterification [7]. Fuel blends used here include B0 (pure diesel), B10, B20, B40, B60 and
B100 (pure biodiesel) corresponding to 0, 10, 20, 40, 60 and 100 vol% of biodiesel in the biodiesel–diesel
blends, respectively. Important properties of diesel and biodiesel fuels are summarized in Table 2.
It is noted here that important properties of these blends have been carefully measured and reported
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elsewhere in our previous study [42]. Important physicochemical properties of all blends tested here
have been carefully measured using relevant testing methods, as shown in Table 2.

Table 2. Important properties of fuels tested [7].

Property Unit Testing Method B100 B60 B40 B20 B10 D(B0)

Ester content wt% EN 14103 98.91 — — — — —
Glycerin content wt% ASTM D6584 0.0 — — — — —

Phosphorus content wt% ASTM D4951 0.0002 — — — — —
Sodium/potassium, combined mg/kg EN 14538 0.1 — — — — —
Oxidation stability, 0 months h EN 14112 6.02 — — 24.07 111.9 —
Oxidation stability, 8 months h EN 14112 — — — 6.8 87 —

Palmitic, C16:0 wt% — 28.09 — — — — —
Stearic, C18:0 wt% — 9.53 — — — — —
Oleic, C18:1 wt% — 43.47 — — — — —

Linoleic, C18:2 wt% — 18.02 — — — — —

Iodine value gI/100 g EN 14111 48.0 — — — — —
Saponification number mgKOH/g ASTM D664-04 177.3 — — — — —

Acid number mgKOH/g ASTM D664 0.06 — — — — —
Water content wt% ASTM D95-05 0.20 — — — — —

Flash point ◦C ASTM D93 183.5 130.3 110.5 87.80 77.08 68.50
Kinematic viscosity at 40 ◦C mm2/s ASTM D445 4.6 3.85 3.60 3.32 3.18 3.11

Relative density at 15 ◦C — ASTM D1298 0.874 0.865 0.852 0.845 0.842 0.839
Higher heating values MJ/kg — 38.10 41.53 42.01 44.62 45.20 46.18

Cloud point ◦C ASTM D2500 18 — — — — —
Pour point ◦C ASTM D97 — — — −3 −3 —

Cetane number — ASTM D613 66.9 62.4 57.4 54.5 53.7 52.4
Auto ignition temperature K ASTM E659-78 494 — — — — 481

Molecular weight g/mol 295.31 243.86 223.91 206.74 199.02 191.8

Atom Fraction

C content wt% 76.96 80.86 82.85 84.87 85.90 86.93
H content wt% 12.17 12.48 12.64 12.80 12.88 12.96
O content wt% 10.83 6.62 4.47 2.29 1.18 0.07

It is noted that the molecular structure of one biodiesel solely depends on its mother feedstock.
Empirical correlations are developed to correlate these relevant properties to the fuel structure using
parameters such as iodine values (IV) and saponification number (SN). The IV is the number of grams
of iodine consumed per 100 g of fatty acid. It is being used as a measure of unsaturation levels in
fatty acid (a higher IV indicates a higher degree of unsaturation). The SN is the mass of potassium
hydroxide (KOH) required to saponify 1 g of FAME; therefore, SN reflects the carbon chain length
(a higher SN implies a shorter carbon chain length). IV and SN of the palm oil-based biodiesel
were carefully measured using standards EN 14,111 and ASTM D664-04, respectively. As shown in
Table 2, the biodiesel (B100) tested in this study has a medium IV (IV = 48) and a high saponification
number (SN = 148) and this means that the fuel has a long carbon chain length and high unsaturation
degree. The C/H/O values reported in Table 2 for the pure biodiesel (B100) and pure diesel (B0) are
carefully measured using high-performance liquid chromatography (HPLC). C/H/O values of blends
are calculated using the blending ratio and C/H/O values of B100 and B0.

One biodiesel may have constituents with 8 to 25 carbon numbers and up to 5 or even more
numbers of double bonds [5] but the molecule always has two oxygen atoms, and this key feature
makes the fuels different from the fossil diesel counterpart. The fuel oxygen content (FOC) in biodiesels
may enhance the fuel reactivity [43]. This is critically important because of the local rich fuel–air
mixture (lack of oxygen) in the auto-ignition zone [35,43] of compression ignition engines. The cetane
number of the fuels shown in Table 2 is tested using the CFR engine operating with the standardized
approach [41]. It is clearly shown from Table 2 that CN increases from B0 to B100 and this may be
attributed to the oxygen content in the blends [43]. The cetane number of pure biodiesel is almost 30%
higher than that of fossil diesel. Oxygen content in biodiesel blends may make the fuel–air mixture
leaner in the auto-ignition zone and this in turn enhances the fuel reactivity.
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2.3. Testing Points

The original facilities in conjunction with the additional items described above
(Sections 2.1 and 2.2) extend the capability of the test bed to measure in-cylinder pressure signals under
a wide range of air–fuel equivalent ratios (λ), compression ratios and injection timings. In a nutshell,
tests conducted in this study include (i) standard CN tests for all biodiesel blends (B0, B10, B20, B40,
B40 and B100) and (ii) tests of those blends under different thermal conditions in the cylinder at SOI.
Under these injection timing conditions, the injection temperature, Ti, varies between 775 and 865 K
under CR = 15. Under CR = 17, Ti ranges from 790 to 890 K. These values of Ti are calculated using
in-cylinder pressure at SOI, pi, which is the output from the in-cylinder pressure signals experimentally
measured. The temperature conditions cover a wide range of thermal conditions at SOI in CI engines.

The CN tests are conducted (ASTM D613) under an engine speed of 900 rpm; an injection
timing of 13 DCA before top dead center (BTDC); an amount of fuel injection of 13 ± 0.02 mL/min;
and a well-controlled intake air temperature, Ti, of 65 ◦C. These conditions and others related to CN
testing are reported in Table 1.

The engine conditions used for part (ii) mentioned above can be summarized here:

(1) Engine speed: 900 rpm, similar to the standardized measurement for CN;
(2) Intake air temperature: well controlled to remain constant at 65 ◦C, similar to the standardized

measurement of CN;
(3) Two compression ratios (CR): 15 and 17; different from the standardized measurement for CN;
(4) Seven injection timings, tinj: 8, 10, 12, 14, 16, 18 and 20 DCA before TDC; different from the

standardized measurement for CN;
(5) Four fuel flow rates: 15.5, 13.0, 11.30 and 10.0 mL/min. These flow rate conditions are described

in this work as M1, M2, M3 and M4, respectively. The M1 to M4 conditions are applied to all
biodiesel blends. In other words, similar fuel flow rates are supplied to the engine when operating
with those blends. These 4 fuel flow rate conditions (M1 to M4, respectively) were investigated
with the aim to examine the influence of engine load on engine combustion characteristics. M1 is
close to the full load condition while M2, M3 and M4 are close to three-quarters, half and a quarter
load conditions, respectively. Mode M2 has a similar fuel flow rate to the CN testing mode;

(6) Operations of the engine under a constant input energy amount (J/min) conditions are also
conducted. When operating an engine with different fuels having different heating values,
the engine loading conditions (e.g., engine torque) are different from one fuel to the other.
When comparing engine performance under the same conditions of engine load and speed,
a constant input energy approach should be adopted, and this is one part of this study.
Here, the investigation under constant input energy conditions limits only to CR = 15. Under this
mode, a constant input energy amount of 463.6 J/min is applied for all fuel blends tested.
This amount is corresponding to the energy of B0 at mode M1 (15.5 mL/min). This testing mode
will be denoted as Qconst in this study.

3. Results and Discussion

3.1. Influence of Fuel Flow Rate Conditions

As mentioned, four different fuel flow rates have been tested in this study. Modes M1, M2, M3
and M4 note for 15.5, 13.0, 11.30 and 10.0 mL/min of fuel flow rates, respectively. These conditions
may be close to full, three-quarters, half and a quarter engine load conditions. In-cylinder pressure
signals outputted in this study are averaged from 50 consecutive engine cycles. Then, those averaged
signals are used to compute the heat release rate (HRR), maximum in-cylinder pressure (pmax), rate of
in-cylinder pressure rise (RPR) and MRPR. In this section, the influence of fuel flow rates on in-cylinder
pressure and HRR will be reported. Discussions related to pmax, RPR and MRPR will be shown later
on in the following sections.
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Figure 2 shows an example of the in-cylinder pressure and HRR of B100 under the case of Qconst

and tinj = 16 DCA. Regarding the influence of fuel flow rates on in-cylinder pressure development
and HRR, the trend in the in-cylinder pressure development and HRR is similar for all blends under
a certain injection timing. Therefore, only an example of the in-cylinder pressure and HRR of B100
under tinj = 16 DCA is reported in Figure 2. The full database may be provided upon request. It is
quite clear from this figure that the fuel flow rates mainly affect the second combustion period named
diffusion combustion. The influence of fuel flow rate on the first period (characterized by SOC and
premixed combustion fraction) is minimal. Details about premixed and diffusion combustion will be
discussed in the following paragraphs.

 

(a) Pcyl, B0, CR = 15, tinj = 16 DCA BTDC. (b) HRR, B0, CR = 15, tinj = 16 DCA BTDC. 

Figure 2. Example of Pcyl (a) and heat release rate (HRR) (b) versus DCA (B0, at different modes M1 to
M4, different fuel flow rates, tinj = 16, CR15).

As can be seen from Figure 2a, the in-cylinder pressure signals obtained when operating the
engine under different fuel flow rates (M1 to M4) are almost identical in the initial duration (before TDC
in these cases). Then, a higher fuel flow rate leads to a higher in-cylinder pressure developed.
Further combustion characteristics are detailed in Figure 2b, where the HRRs obtained under these
fuel loading conditions are shown. Combustion of a premixed mixture is much faster with respect
to diffusion combustion [36]. The premixed and diffusion combustion fractions are distinguished
quite clearly through the HRR signals shown in Figure 2b. During the premixed combustion period,
the HRR first rapidly rises, gets to its peak and significantly decreases (before TDC as shown in
Figure 2b). Then, diffusion combustion takes place where the HRR is quite low with respect to that
during premixed combustion.

It is quite clear from Figure 2b that the premixed combustions are identical amongst the fuel flow
rates tested here while a higher fuel flow rate leads to a higher HRR during diffusion combustion.
Qualitatively, loading conditions do not influence the SOC (where the HRR signals suddenly rise and
become positive as shown in this figure. Since the evaporation and pre-mixing conditions including
thermal conditions and pressure in the period from SOI to SOC are similar for all loading modes M1
to M4, the amount of fuel and air that is pre-mixed could be the same. This may be attributable to the
similarity in ignition delay times observed in Figure 2b for all modes.

As mentioned earlier that the trends in in-cylinder pressure development and HRR, especially
during premixed combustion, are identical amongst the fuel flow rates tested here, only mode M1
(closing to full load conditions) will be further investigated in the following sections. However, the full
database may be made available upon request.
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3.2. Influence of Thermal Conditions at SOI

Figure 3 shows the in-cylinder pressure signals for B0 and B100 under the injection mode M1
(15.5 mL/min used for all fuels), but under different injection timings (tinj from 8 to 20 DCA BTDC).
Figure 3a,b are for B0 at CR = 15 and B0 at CR = 17, respectively. Similarly, Figure 3c,d are for B100.
Thermal conditions here mean the temperature and pressure at SOI depend on tinj in the compression
stroke. These figures shown here are examples to evaluate the influence of thermal conditions at SOI
on in-cylinder pressure signals. In-cylinder pressure signals for other blends are not shown here as
they show identical trends to these figures. It is simply noted that the in-cylinder pressure at CR = 15
(left figures, Figure 3a,c) is lower than that at CR = 17 (right figures, Figure 3b,d). Certainly, under
higher CR, the engine creates higher in-cylinder temperature and pressure and this enhances the fuel
evaporation, mixing and combustion. Engines with higher CR, therefore, normally show their higher
thermal efficiency.

  
(a) (b) 

  
(c) (d) 

Figure 3. Influence of in-cylinder thermal conditions at SOI on the development of in-cylinder pressure.
(a) B0, M1, compression ratio (CR) = 15; (b) B0, M1, CR = 17; (c) B100, M1, CR = 15; (d) B100, M1,
CR = 17.

It is noted that the difference between pcylmax shown in Figure 3a (B0 under CR = 15) and Figure 3b
(B0 under CR = 17) is not that significant compared to the one observed in Figure 3c (B100 under
CR = 15) and Figure 3d (B100 under CR = 17). This may be due to the improvement in the atomization,
evaporation and combustion of B100 under high CR and long injection advanced timing conditions.
By carefully observing, when tinj increases over 14 DCA BTDC, pcylmax developed under CR = 17 starts
to rise more significantly compared to that under CR = 15. It is well known that biodiesel atomizes
and evaporates poorer than fossil diesel. High-temperature conditions created under a high CR and
injecting far from TDC (e.g., tinj > 14 DCA in this case) could help biodiesel to enhance its atomization
and evaporation significantly. The enhancement along with oxygen content in biodiesel may improve
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its combustion quality and this in turn causes the significant increase in pcylmax. This phenomenon
may be explained by carefully observing the combustion duration, position of ignition, position of
peak pressure and combustion phasing, however, combustion is a very complex phenomenon and this
is a subject for future study.

Along with HHV, viscosity, surface tension and cetane number are important parameters
(even more important than HHV) impacting the fuel combustion characteristics and therefore in-cylinder
pressure development. It is observed in this study that under some testing conditions like at CR = 17
and high advanced injection timing, B100 produces a higher maximum in-cylinder pressure with
respect to that of B0. This might be attributed to the improvement in the atomization quality of B100
under these conditions along with the oxygen content in the fuel but this needs further investigations.
Compared to conventional diesel, biodiesel has higher viscosity and surface tension and therefore
poorer atomization quality [44]. One of the key characteristics of biodiesels is that the fuels contain
oxygen in their molecules and this feature makes them special compared to fossil diesel. In compression
ignition engines, the fuel oxygen enhances the combustion quality in the fuel spray’s reaction zone,
where the fuel–air mixture is rich (lack of oxygen) [35,43]. Under high advanced injection timings
like tinj = 18 and 20 DCA BTDC, biodiesel has a longer time to atomize and this along with the
higher oxygen content of the fuel might enhance its combustion quality. This could be the reason
for the higher cylinder pressure obtained here. Anyway, combustion is very complex and, as such,
further investigations are required.

One of the most important parameters characterizing combustion is ignition delay and, as such,
examining the delay time is critically important in studies related to engines and fuels. Basically, ignition
delay is the period between the start of injection and start of combustion (SOC). Recording the start
of injection can be straight forward through the engine management system (e.g., through the
injection control system). Determining SOC, however, is quite challenging. In the literature, SOC or
auto-ignition location is commonly defined as when the HRR locally becomes zero and reverses
direction, although the natural flame emission was identified earlier than the SOC [35]. SOC is very
sensitive to fuel molecule size and structure [43]. The first stage of combustion is called premixed burn
duration. This duration is quite short [45] and leads to a high rate of heat release. The heat release
rate during this stage is strongly dependent on the amount of air–fuel premixed during the ignition
delay period [46]. The main combustion stage, diffusion combustion, is associated with a lower rate of
heat release.

To investigate the influence of injection timing on combustion characteristics, HRR signals of B100
under mode M1 and different tinj are shown in Figure 4. Qualitatively, ignition delay times could
be identified in this figure where HRR locally becomes zero and reverses direction. One example of
ignition delay time is indicated in Figure 4a for B100 under a condition of injection timing of 20 DCA.
Quantitative information of ignition delay times will be shown later at the end of Section 3.3.

 

(a) CR = 15, M1, B100 (b) CR = 17, M1, B100 

Figure 4. HRR of B100, CR = 15 (a) CR = 17 (b) at mode M1, different injection timings.
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3.3. Influence of Blending Ratio

Figure 5a–f show in-cylinder pressure signals for all biodiesel blends (B0, B10, B20, B40, B60 and
B100) under the injection mode M1. The left column (Figure 5a,c,e) is shown for CR = 15, while the right
column (Figure 5b,d,f) is for CR = 17. The top row (Figure 5a,b) is for tinj = 10 DCA BTDC, the middle
row (Figure 5c,d) is for tinj = 16 DCA BTDC and the bottom row (Figure 5e,f) is for tinj = 20 DCA BTDC.
Qualitatively, Figure 5 shows some differences in pmax developed by the engine when operating with
those blends. Quantitative information about pmax developed by these biodiesel blends will be shown
and discussed later in Section 3.6.

 

(a) (b) 

 

(c) (d) 

 

(e) (f) 

Figure 5. Influence of blending ratio on the development of in-cylinder pressure under mode M1.
(a) M1, tinj = 10, CR = 15; (b) M1, tinj = 10, CR = 17; (c) M1, tinj = 16, CR = 15; (d) M1, tinj = 16, CR = 17;
(e) M1, tinj = 20, CR = 15; (f) M1, tinj = 20, CR = 17.
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It is noted here that the influence of blending ratio on the in-cylinder pressure shown in Figure 5a–f
is not quite significant. However, in general, an increase in the blending ratio of biodiesel shifts the
start of the in-cylinder pressure rise from the compression trace to the left. This could be an evidence
of auto-ignitability enhancement when increasing the blending ratio and will be investigated further
through examining the HRR, shown later in Figure 6. It is shown in Figure 5 that the difference in
in-cylinder pressure is quite small. The thermal conditions at SOI may be on the side of high-temperature
combustion (HTC) regimes but this needs to be further investigated. Nevertheless, it is found by
Westbrook et al. in an earlier study [47] that, under low-temperature combustion (LTC) regimes,
the influence of hydrocarbon fuels and biodiesels is observable. Under HTC, however, the influence is
not quite as significant.

 

(a) (b) 

 

(c) (d) 

Figure 6. Influence of blending ratio on HRR under different constant fuel flow rate compression ratios.
(a) CR = 15, M1, tinj = 10 DCA BTDC; (b) CR = 17, M1, tinj = 10 DCA BTDC; (c) CR = 15, M1, tinj = 16
DCA BTDC; (d) CR17, M1, tinj = 16 DCA BTDC.

Figure 6 shows the HRR of those blends tested in this study under mode M1. The left column
(Figure 6a,c) is shown for CR = 15, while the right column (Figure 6b,d) is for CR = 17. The top row
(Figure 6a,b) is for tinj = 10 DCA BTDC and the bottom row (Figure 6c,d) is for tinj = 20 DCA BTDC.
It is quite clear here that adding biodiesel into the diesel–biodiesel blends leads to shorter ignition
delay times. B100, generally, shows the shortest ignition delay, while B0 shows the longest ignition
delay time. Varying the blending ratio from B0 to B100 leads to a difference of approximately 3 DCA in
the ignition delay. This is obviously attributed to the higher CN of the biodiesel as reported earlier in
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this work. It is also noted that the differences amongst the HRRs at the start of combustion (SOC) are
quite similar under CR = 15 (Figure 6a,c) and tinj = 16 DCA BTDC, CR = 17 (Figure 6d).

Figure 6b shows the smallest gap amongst the HRRs at SOC compared to that shown in other
figures here. Under the high CR and small tinj reported in Figure 6b (CR = 17, tinj = 10 DCA BTDC),
the temperature at SOI is high and this is attributable to the small difference in HRR at the start of
combustion observed in this case. Compared to the HRR obtained in Figure 6a,c for CR = 15, the HRR
shown in Figure 6b,d for CR = 17 is lower. This is understandable as the higher in-cylinder temperature
under higher CR causes a shorter ignition delay and smaller premixed combustion fraction.

Ignition delay times of B100 at mode M1 but different injection timings, corresponding to the HRR
shown in Figure 4, are shown in Figure 7a. As can be seen from Figure 7a, the injection timings strongly
affect the ignition delay, and this is due to the difference in the premixed combustion fraction observed
earlier in Figure 4. In general, injecting fuel further from the top dead center (TDC) leads to a longer
ignition delay and, as such, a higher premixed combustion fraction. Injecting the fuels close to (TDC),
like the case of tinj = 8 DCA, leads to a high temperature at SOI, Ti, and, as such, the fuel–air mixture
is easier to be auto-ignited. Higher Ti leads to a shorter ignition delay time and smaller fraction of
premixed combustion. Under CR = 17, Ti is higher and HRR is lower compared to those under CR = 15
(see Figure 4), and this is attributable to the shorter ignition delay under the higher CR conditions
shown in Figure 7a.

 
(a) CR = 15 and 17, M1, B100. (b) CR = 15 and 17, M1, tinj = 16 DCA BTDC, 

different blends. 

Figure 7. Ignition delay of (a) B100 at mode M1 but different injection timings, corresponding to the
HRR shown in Figure 4. (b) All blends at mode M1, tinj = 16 DCA BTDC, corresponding to the HRR
shown in Figure 6c,d.

Ignition delay times of all blends under mode M1 and injection timing tinj = 16 DCA BTDC,
corresponding to the HRR shown in Figure 6d,c for CR = 15 and CR = 17, respectively, are shown in
Figure 7b. It is clear here that increasing the blending ratio from B0 to B100 leads to increasing the CN,
and this is obviously attributed to decreasing the ignition delay times or improving the fuel blend
reactivity. It is observed here again that the higher in-cylinder temperature under higher CR causes
a shorter ignition delay and smaller premixed combustion fraction.

3.4. Development of In-Cylinder Pressure and HRR under Constant Input Energy Supplying Modes

In engine experiments, engines are controlled under two main conditions, namely engine speed
and load. Speed here is the crankshaft rotations per minute (rpm), while engine load is determined
through engine torque (N·m) or engine power (kW) [36]. To obtain similar engine torque, supplying
constant input energy to the tested engine is normally adopted, regardless of the fuel used. This is to
account for the difference in heating values amongst the fuels tested. It is noted here again that both
methods of fuel supplied (equal volume flow rate [42,48] and equal input energy [21], respectively) are
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available in the literature and this sometime confuses the reader. On the one hand, the control system
normally uses volume flow rate (through injection pressure and duration) to drive the injectors and,
as such, the approach of using equal volume flow rate (L/min) supplied for the engine when testing
different fuels is quite common in the literature. This is particularly true with engines equipped with
mechanical injection systems such as the one used in [48] for controlling the mechanical system to
supply constant input energy, which is quite challenging. On the other hand, with different heating
value fuels like biodiesel blends tested in this study, they produce different engine torque or different
engine loading conditions when supplying an equal volume flow rate for all fuels. Relative comparisons
of the engine performance when operating with different fuels under different engine loads, as such,
may not be meaningful [9].

Figure 8a,d show in-cylinder pressure signals for all biodiesel blends (B0, B10, B20, B40, B60 and
B100) under the injection mode Qconst (constant input energy (J/min) supplied amongst the biodiesel
blends). For all blends, an energy flow rate of 463.6 J/min is supplied to the engine under this mode.
This amount corresponds to the fuel volume flow rate of B0 at mode M1 (15.5 mL/min). The fuel
volume flow rates of other blends can be calculated by multiplying 463.6 J/min with the blends’ heating
value provided in Table 2. This mode was conducted only for CR = 15 and Figure 8 shows the pressure
signals developed under tinj = 10 (Figure 8a), tinj = 12 (Figure 8b), tinj = 16 (Figure 8c) and tinj = 20
(Figure 8d). It is clear that the influence of fuel properties can be ignored here.

(a) (b) 

 
(c) (d) 

Figure 8. Influence of blending ratio on in-cylinder pressure development when supplying constant
input energy amounts (Qconst) to the cylinder. (a) Qconst, CR = 15, tinj = 10 DCA BTDC; (b) Qconst,
CR = 15, tinj = 12 DCA BTDC; (c) Qconst, CR = 15, tinj = 16 DCA BTDC; (d) Qconst, CR = 15, tinj = 20
DCA BTDC.
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Nevertheless, results observed in Figure 8a,d indicate that the influence of blending ratios on
the SOC is quite similar to the results observed earlier in Figure 5 showing results under mode M1,
with a constant fuel volume flow rate. Figure 8 shows that although using the equal input energy
approach brings the engine loads close amongst the blends tested, in this special equipment (the CFR
engine), the auto-ignitability is mainly driven by the chemical profile of the testing fuels rather than
the engine loads, and this is in a good agreement with the discussion shown earlier in Section 3.1.
Again, Section 3.1 reports that the influence of engine load on in-cylinder development around the
SOC is minimal. This may be probably true only in the CFR engine, as in this tool, the intake air
temperature is well controlled and kept constant at 65 ◦C for all testing conditions. Under a similar
thermal condition at SOI, the fuel evaporation rate and pre-mixing during the ignition delay period
could be similar under different engine loading conditions and, as such, the auto-ignitability mainly
depends on the fuel reactivity.

Figure 9 shows the HRR of the biodiesel blends under constant input energy modes, at injection
timings tinj = 10 DCA (Figure 9a) and tinj = 16 DCA (Figure 9b). The influence of blending ratio on the
ignition delay and premixed combustion fraction is quite clear and this is also similar to what has been
observed in Figure 6 for similar volume flow rate conditions. A higher biodiesel fraction in the blend
leads to a shorter ignition delay and this is attributed to the higher CN of the biodiesel.

 
(a) (b) 

Figure 9. HRR of biodiesel blends when supplying constant input energy amounts (Qconst) to the
cylinder. (a) Qconst, CR = 15, tinj = 10 DCA BTDC; (b) Qconst, CR15, tinj = 16 DCA BTDC.

3.5. Rate of In-Cylinder Pressure Rise

Figure 10a,d show the RPR for all biodiesel blends (B0, B10, B20, B40, B60 and B100) under
the injection mode M1. The left column (Figure 10a,c) is shown for CR = 15, while the right one
(Figure 10b,d) is for CR = 17. The top row (Figure 10a,b) is for tinj = 8 DCA BTDC, while the bottom
row (Figure 10c,d) is for tinj = 20 DCA BTDC.

It is quite interesting from these figures that under high CR and/or short advanced injection
timing conditions, like the cases shown in Figure 10a (tinj = 8 DCA BTDC, CR15) and Figure 10b
(tinj = 8 DCA BTDC, CR17), the influence of fuel blending ratio on RPR is almost ignorable.
Again, the combustion happening in these cases could fall into HTC regimes as mentioned earlier
and, as such, the influence of fuel properties on ignition delay is minimal. It is also noted here that
the HRR under CR = 17 is lower compared to that under CR = 15. Under higher CR conditions, the
ignition delay time is shorter due to the higher in-cylinder temperature and pressure at the end of the
compression stroke. The shorter ignition delay leads to a higher amount of air–fuel premixed.

Under low CR and/or long advanced injection timing conditions, like the cases shown in Figure 10c
(tinj = 20 DCA BTDC, CR15) and Figure 10d (tinj = 20 DCA BTDC, CR17), however, the blending ratios
significantly affect the RPR. A general trend observed in Figure 10c,d is that the fuels with lower
CN will have higher RPR and this is due to their longer ignition delay and therefore high premixed
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combustion fraction as discussed briefly earlier in this study. For example, B100 (highest CN) shows
the lowest RPR and this rapid rise in the RPR of B100 occurs earlier compared to other blends, as shown
in Figure 10c,d.

 
(a) (b) 

 
(c) (d) 

Figure 10. Rate of in-cylinder pressure rise versus DCA under different operating conditions. (a) M1,
tinj = 8 TDC BTDC, CR = 15; (b) M1, tinj = 8 DCA BTDC, CR = 17; (c) M1, tinj = 20 TDC BTDC, CR = 15;
(d) M1, tinj = 20 TDC BTDC, CR = 17.

3.6. Maximum In-Cylinder Pressure

Figure 11a,b show the maximum value of in-cylinder pressure, pcylmax, versus diesel–biodiesel
blending ratio. Results shown in Figure 11a are for CR = 15 under the injection mode Qconst,
while Figure 11b is for CR = 17 under the injection mode M1. As can be seen from Figure 11a,b, the
influence of blending ratio on pcylmax is not significant except for the case of B10. A general trend
observed for B10 in these figures is that when increasing the blending ratio from 0 to 10%, pcylmax

generally increases. The higher pcylmax of B10 compared to B0 and B20 could be due to the lubricant
enhancement when operating the engine with low blending ratios of biodiesel–diesel mixture. It has
been claimed in [1,49] that adding a small amount of biodiesel into diesel fuel (e.g., 2–10 vol%) will
help to improve the engine lubricant and therefore the thermal efficiency. The improvement of the
lubricant is achieved due to the high viscosity of biodiesel compared to fossil diesel as can be seen in
Table 2. When lubricant conditions are improved, the piston–cylinder thermal gap will be decreased as
this may be attributed to the increase in the pcylmax observed for B10 in this case. When the blending
ratio is high enough, like B20 in this study, the enhancement will not be achieved. Biodiesels are found
to have higher lubricity with respect to fossil diesel [9,44]. However, biodiesels can contribute to the
formation of deposits [9] and their higher viscosity and surface tension lead to their poorer atomization
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and vaporization [44]. The above-mentioned factors could be attributed to impairing the lubricant
benefit when utilizing high-blending ratio diesel–biodiesel mixtures like B20 tested here.

(a) (b) 

Figure 11. Maximum of in-cylinder pressure versus cetane number (CN) (each curve shown here
contains data of all biodiesel blends tested). (a) Qconst, CR = 15; (b) M1, CR = 17.

It is also clear from Figure 11 that injecting fuel closer to the TDC leads to a lower pcylmax.
The temperature at SOI is higher when injecting fuel closer to the TDC and this will lead to a shorter
ignition delay and smaller fraction of premixed combustion. The smaller premixed combustion fraction
is the main reason resulting in the lower pcylmax. It is noted here that this trend was qualitatively
observed earlier in Figures 3 and 4 and the quantitative result is reported here.

3.7. Maximum Rate of In-Cylinder Pressure Rise

Figure 12a,b show the MRPR for all biodiesel blends (B0, B10, B20, B40, B60 and B100) versus the
thermal condition at SOI, 1000/Ti. Figure 12a is shown for CR = 15, while Figure 12b is for CR = 17.
It can be seen from these figures that the MRPR is significantly affected by the thermal condition at SOI,
thus a lower injection temperature (towards to the right side of the 1000/Ti axis) leads to a higher MRPR.
It was noted earlier that low temperature at SOI leads to a long ignition delay and high premixed
combustion fraction, and this is attributed to the high MRPR. Furthermore, MRPR values of those
biodiesel blends are quite diverse, except for CR = 17, and in the range of 1000/Ti smaller than 1.23
shown in Figure 12b. Although it is not quite consistent, increasing the blending ratio generally
deceases the MRPR. Under CR = 17 and in the range of 1000/Ti smaller than 1.23 shown in Figure 12b,
the diversion of the MRPR amongst the blends disappears. Under the high CR and higher injection
temperature, the combustion here may fall right in the low temperature range of the HTC strategy.
It was observed earlier [47] that combustion characteristics of biodiesels and diesel are identical under
HTC conditions.
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(a) (b) 

Figure 12. Max rate of in-cylinder pressure rise versus 1/Ti. (a) M5, CR15; (b) M5, CR17.

4. Conclusions

An analysis of biodiesel blend combustion characteristics under a wide range of thermal conditions
of a CFR engine has been extensively carried out in this study. It is observed that the oxygen content in
biodiesel has significant effects on the fuel auto-ignitability. A higher blending ratio of a biodiesel–diesel
mixture leads to its higher CN. The cetane number of pure biodiesel (B100) is almost 30% higher than
that of fossil diesel (B0), and this could be due to the oxygen content in the biofuel. In this CFR-F5 engine,
it is observed that varying the engine load has minimal effect on the premixed combustion. The HRR
observed during the premixed combustion period is identical when testing the engine under different
fuel flow rates. Higher fuel flow rates, however, lead to a higher HRR during diffusion combustion.

A higher temperature leads to a smaller premixed combustion fraction (due to a shorter ignition
delay) and therefore a higher MRPR. At the same thermal conditions at SOI, when operating the engine
under CR = 15 and 17, increasing the blending ratio generally has quite a small effect on in-cylinder
pressure development, except for B10. The higher pcylmax of B10 observed here compared to that of B0
and B20 could be due to the lubricant enhancement when operating the engine with low blending ratios
of biodiesel–diesel mixture. When using a low-blending ratio mixture like B10 in this case, the higher
viscosity of the biodiesel may help to lower the thermal gap between the piston and the cylinder,
and this may lead to an increase in in-cylinder pressure. Under high blending ratios, this benefit is
not achieved.
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Abstract: Fractional composition, as well as the temperature of the agglomeration process, affect the
quality and mechanical properties of briquettes. In this research, shredded forest logging residues
were investigated. Compaction tests were carried out for several specially prepared mixtures made
of shares of fractions with different particle sizes. The moisture content, density of briquettes,
specific work of compaction, mechanical durability, and biomass susceptibility to compaction were
analyzed. Studies have confirmed the significant impact of the fractional composition of compacted
biomass on its susceptibility to process parameters and the quality of the final product. Statistical
analysis confirmed that the density of the briquette, its durability, the specific work of compaction,
and the susceptibility of the tested biomass to compaction strongly depend on the particle size of
the compacted biomass. An increase in temperature to 73 ◦C increased specific work by 40% and
contributed to the high quality of briquettes in the range from 0.768 to 1.14 g·cm−3.

Keywords: durability; mechanical parameters; briquettes; agglomeration; fractional composition

1. Introduction

The increase in human development causes an increase in energy demand in the modern world.
This can inflict many negative effects of energy production methods on the environment. The increasing
consumption of fossil fuels from year to year has resulted in the emission of huge amounts of greenhouse
gases and pollutants into the atmosphere. In the longer term, this will lead to the further deterioration
of the natural environment [1]. The protection of pure air and reduction of gases emitted to the
atmosphere are very important for societies, not only of the European Union [2,3] but of all countries
in the world. To promote sustainable development, support of renewable energy generation projects
such as biomass, and promoting the transformation of the energy structure towards the diversification
of these sources is crucial.

Faced with pressures related to the environmental degradation and scarcity of energy resources,
demand for renewable energy with low environmental pollution is growing more and more, therefore
it is extremely important to use sound and scientific decision-making methods regarding material
processing and biomass energy production. The increase in demand for replacement of conventional
fuels and reduction of CO2 emissions motivates the search for new products based on green energy [4,5].
One of the raw materials with huge potential are forest residues. Therefore, the authors decided to
conduct detailed research on this not-well-known renewable material.
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There are many publications that specify the guidelines for the harvesting and processing of
biomass, and also determine how energy from biomass may affect the environment. The research has
shown that only a few of the ways in which biomass is processed relate to the processing of biomass to
bioenergy [6]. Aherne et al. [7] found that only harvesting of aboveground wood biomass, i.e., crowns
and branches, would have an indifferent effect on the environment and would not deplete the cationic
base resources of the soil in the long term. On the other hand, Eggers et al. [8] have pointed out that
the development of the innovative and cost-effective management systems for harvesting biomass
from the young stands can provide the possibility of supplying a significant amount of the bioenergy
while preserving the biodiversity or the ecosystem value.

The logging residues are un-merchantable wooden by-products created in the process of obtaining
wood from forests and in the process of treating forest stands while cutting the undergrowth, which can
be an important resource in energetic biomass. Due to their dispersion over large forest areas,
they are difficult to collect, which results in high costs of obtaining them for e.g., fragmentation
and agglomeration [9]. In addition, the costs of transporting such material and its storage are also
high in terms of low bulk density, low energy content per volume, and high moisture content of the
material [10]. Biomass briquetting can reduce these costs, emissions of gases, and the risk of fires [11].
Precisely for fire-fighting and breeding reasons, logging residues cannot remain on the forest surface
and must be cleared before performing subsequent treatments. They can be used for energy purposes
in their original form, after processing into bundles [12,13] or chips [14], where the chipping precursors
were the Scandinavian countries [15]. Due to the fact that logging residues as energy biomass are not
yet a fully utilized energy source, they could constitute, after fragmentation, a suitable feedstock for
refined fuels—i.e., briquettes production. Considering the possibility of producing briquettes from
shredded logging residues, their heterogeneous composition should be taken into account. In contrast
to the compaction of wood chips, sawdust, or other plant waste, logging residues contain wood, bark,
leaves, needles, and mineral contaminants from forest soil.

Plant waste from the wood industry with uniform composition and homogeneous particle size
(sawdust, shavings, wood dust) has been widely used for briquette production for many years.
Researchers working on this type of biomass examined the physical parameters (bulk density, moisture
content, and particle size), chemical parameters (carbon, hydrogen, nitrogen, sulfur, oxygen and ash
contents) as well as energy parameters (net and gross calorific values) of biomass intended for energy
purposes. Many scientists have already dealt with these problems, in relation to logging residues [16].
However, there are no descriptions in the literature regarding the production of briquettes from
contaminated logging residues with heterogeneous composition and heterogeneous particle size [11].

Knowledge of particle sizes is crucial in terms of briquettes quality, and particle sizes influence
the mechanical properties of agglomerates. In the case of shredding the logging residues, the particle
size distribution [17] and the size of the obtained chips mainly depend on the size of the wood
chipper [18], wood species [19], the part of the tree, or the setting and sharpening of the knife [20].
Cutting with a blunt knife gives chips with smaller dimensions and thus increases the proportion of
fine fractions [21,22].

In many publications, the authors emphasize that in order to obtain a briquette with an adequate
durability described by the durability coefficient [23], it is necessary to choose not only the appropriate
process parameters (compaction pressure, temperature, length-to-diameter ratio), but also biomass
parameters (moisture content, particle size and distribution, lignin content, type of material, etc.) [24–28].

According to the results of tests on briquettes made of different particle sizes (2–5 mm and
7–10 mm), which were conducted by Gürdil and Demirel [29], it was found that briquettes made of
particles of smaller sizes had smoother surfaces than those produced from larger particles, were more
durable, and were characterized by higher densities, which was also confirmed by the studies of other
authors [25,30–33].

Another parameter affecting the quality of briquettes is temperature. According to Taulbee [31],
increasing the compaction temperature increases the strength of briquettes. Pressure and temperature
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are important parameters during materials compaction and affect the optimization of the process [34].
In addition, the increase in temperature causes plasticizing of the particles and activation of natural
binders in the material [35].

Therefore, the aim of this study was to investigate and determine the effect of the fractional
composition of shredded forest logging residues on the mechanical properties of briquettes obtained
from them in the pressure agglomeration process.

2. Materials and Methods

2.1. Material

The investigated material was obtained from the forest area in the Chojnów forest district in
Poland (GPS WGS84: 52.0492 N; 21.0563 E). The mixture of logging residues, including branches and
needles from 80-year-old Scots pine (Pinus sylvestris L.) wood, was processed in a beater shredder
BT 13HP-90 mm (REDMET, Dębica, Poland). The detailed characteristics of the raw material used for
the briquetting was described in previous publications [36,37].

Shredded logging residues were divided into fractions using a sieve separator, according to the
ISO 17827-1 [38] and ISO 17827-2 standards [39]. Four fraction groups were separated during the
separation. During the 120-s trial, the research material was divided into the following fractions:
f 1—(0 ÷ 1 mm), f 2—(1 ÷ 4 mm), f 3—(4 ÷ 8 mm), f 4—(8 ÷ 16 mm). The separated fractions were
weighed. The mass of the i-th fraction (m f i) was determined using an electronic scale with an accuracy
of ±0.01 g. The equation for calculation the share of i-th fraction (α f i) is given in the formula:

α f i =

⎛⎜⎜⎜⎜⎜⎝
m f i∑4

i = 1 m f i

⎞⎟⎟⎟⎟⎟⎠·100% (1)

Methodology for Preparing Biomass Mixtures

Compaction tests were carried out separately for each isolated fraction (samples A1, A2, A3,
A4) and for several specially prepared mixtures. This was done to evaluate the parameters of the
briquetting process, the durability of the briquettes produced from individual biomass fractions,
and then the impact of the fractional composition on these parameters.

A summary of the percentage distribution of fractions in individual test series is presented in
Table 1.

Table 1. Percentage share of fractions for briquetted mixtures.

No
Fraction Share (αfi), %

Series Symbol
f 1 (0 ÷ 1 mm) f 1 (1 ÷ 4 mm) f 1 (4 ÷ 8 mm) f 1 (8 ÷ 16 mm)

1. 100 0 0 0 A1
2. 0 100 0 0 A2
3. 0 0 100 0 A3
4. 0 0 0 100 A4
5. 50 25 25 0 B
6. 75 0 0 25 C
7. 75 0 25 0 D
8. 75 25 0 0 E

Source: own study.

According to the literature recommendations given by Wang et al. [40], in mixtures B, C, D, and E
a high proportion of the finest fraction f 1 was used.

The briquetting process for the separated fractions was investigated at three temperatures—22 ◦C,
73 ◦C, and 103 ◦C—while for the mixtures, two temperature levels of 73 ◦C and 103 ◦C were used.
These temperatures referred to the temperatures of biomass inside the compaction die.

109



Sustainability 2020, 12, 6120

2.2. Material Moisture Content

Moisture content of tested biomass, amounting to 10%, was determined in accordance with the
EN13183-1:2004 standard [41]. Samples of 50 ± 0.5 g were weighed on the electronic scales RADWAG
WTC 600 (RADWAG, Radom, Poland) with an accuracy of ±0.01 g and then after drying at 105 ◦C for
24 h the moisture content (MC, %) was determined using a formula:

MC =
mbw −mbd

mbw
·100% (2)

where mbw is a mass of wet sample (g), mbd is a mass of dry sample (g).

2.3. The Agglomeration Process

The agglomeration process was carried out on a stand equipped with a universal testing machine
type Veb Thüringer Industriewerk Rauenstein (TIRA, Germany) with the maximum force of 100 kN
and closed die [37]. The obtained unit pressure was around 60 MPa and was a result of pistons’ size
and die diameters [42–46]. The internal diameter of the die was 45 mm, the height of the die was
300 mm, and the speed of piston displacement was 2 mm·s−1. The volume of the compaction die was
477 cm3, therefore the obtained samples had a such volume (Figure 1).

 
Figure 1. Schematic diagram of agglomeration stand (compaction die); 1—compaction die, 2—support,
3—bottom, 4—piston [37].

The temporary force occurring on the piston (±1 N) and the piston displacement (±0.01 mm)
were recorded in the program HBM Catman v.2.1 (Hottinger Baldwin Messtechnik GmbH, Darmstad,
Germany) with a frequency of 1 Hz. The maximum unit pressure of piston was 63 MPa. To maintain the
temperature with an accuracy of ±1 ◦C micanite heaters connected to the controller EMKO ESM-3710
(EMKO Elektronik A.S., Bursa, Turkey) were mounted on the external surface of compaction die.
A device TM2000 (Lutrom Electronic Enterprise Co LTD, Taiwan) with thermocouple type K were used
to measure the temperature of the biomass inside the die with an accuracy of ±0.5 ◦C. The mass of a
single dose of material was checked before each test on the laboratory scales WTC 600 (RADWAG,
Radom, Poland) with an accuracy of ±0.01 g.

2.4. The Density of the Briquettes

The densities (ρ, kg·m−3) of the briquettes, related to dry matter (DM), were determined using
mass of the compacted sample, its moisture, and its volume at the maximum compaction pressure.
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ρdry =
mp

v
·
(
1− MC

100

)
(3)

where: ρdry is a briquette density related to DM (kg·m−3), mp is a mass of the material with specific
initial moisture content (kg), v is a briquette volume at maximum pressure of agglomeration (m−3),
MC is an initial moisture of compacted material (%).

2.5. Specific Work of Compaction

The total compaction work LT was determined arithmetically on the basis of compaction force
measurement results as a function of the piston stroke.

LT =

xk∫
xp

f (x)dx ≈ xk − xp

n

⎛⎜⎜⎜⎜⎜⎝
n−1∑

i = 1

f (xp + i
xk − xp

n
) +

f
(
xp
)
+ f (xk)

2

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎠ (4)

The specific work of compaction was determined using the equation [47]:

Lu =
LT

mp
(5)

where: LT is a total compaction work (J), Lu is a specific work of compaction (J·g−1), f is a function
of compaction force to piston displacement, xk, xp are coordinates of the pistons’ elementary
displacement (m), n is the number of the pistons’ elementary displacements, mp is a mass of compacted
material (g), and i is a dividing point counter.

2.6. Durability of Briquettes and Biomass Susceptibility to Compaction

The mechanical durability of agglomerates was determined according to the EN-ISO 17831-2:2016-02
standard [48]. The mass of tested samples was 2.0 ± 0.1 kg. The material was placed in the drum
chamber with rotational speed of 21 rev·min−1 and 105 rotations were done [49,50]. Briquettes were
separated from smaller particles and dust after the trial using a screen with openings of diameters equal
to two thirds of a single briquette diameter. Then the sieved material was weighed on the electronic
scales WLC 6/12/F1/R (RADWAG, Radom, Poland) with an accuracy of 0.1 g and the durability
coefficient (Ψ) was calculated using the formula:

Ψ =
mpt

mp
·100 (6)

where mpt is a mass of briquettes after the durability test (g), mp is a mass of briquettes before the
durability test (g).

The value of susceptibility to compaction index kc ((J·g−1)/(g·cm−3)) was determined using
the equation:

kc =
LU

ρc − ρp
(7)

where ρc, ρp are maximum and initial densities of compacted biomass, respectively (g·cm−3).

2.7. Statistical Analysis

Obtained results were analyzed using the Statistica v.13 program [51]. All tests were carried out in
five replications. The effects between dependent variables for compaction temperatures and material
moisture contents were determined using a multivariate ANOVA analysis at the significance level
α = 0.05 and mean analysis was done.
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3. Results

3.1. The Effects of the Temperature and Fractional Composition of Compacted Biomass on the Density of
Briquettes and Specific Work of Compaction

The values of densities for briquettes produced at different parameters of the process were
summarized in Table 1. Tests of mixtures with symbol A were carried out at three temperatures: 22, 73,
and 103 ◦C. Based on the analysis of these results and taking into account the fact, that in each case the
lowest density was obtained at room temperature (22 ◦C), testing of the rest of the mixtures was limited
to two temperatures. For the majority of tested mixtures, the highest density of produced briquettes
was obtained for the temperature of 103 ◦C. For mixture E, the density at a temperature of 103 ◦C was
1.11 kg·m−3. Analyzing all of the briquettes’ densities found a slight difference between the values of
this parameter for temperatures 73 and 103 ◦C. This observation may lead to the conclusion that there
is no purpose in increasing the temperature of the compaction process of shredded logging residues to
103 ◦C. The results of the statistical analysis for the density of briquettes (Table 2) indicate a significant
impact of the fractional composition on their densities. However, both the process temperature and
the interaction between the tested parameters had no significant effect on the densities of briquettes.

Table 2. Results of ANOVA analysis for factors influencing the durability coefficient (Ψ), specific work
of compaction (Lc), susceptibility to compaction index (kc) and briquette density (ρdry).

df SS MS F p-Value

Briquette density ρdry

MIX (A) 3 0.63 0.21 31.95 <0.0001
Temperature (B) 1 0.02 0.02 3.01 0.0867

Interaction (A × B) 10 0.06 0.01 0.94 0.5055
Error 80 0.53 0.01

Specific work of compaction Lc

MIX (A) 3 870.46 290.15 210.95 <0.0001
Temperature (B) 1 0.36 0.36 0.26 0.6120

Interaction (A × B) 10 158.92 15.89 11.55 <0.0001
Error 80 110.04 1.38

Susceptibility to compaction index kc

MIX (A) 3 2897.95 965.98 105.94 <0.0001
Temperature (B) 1 36.30 36.30 3.98 0.0494

Interaction (A × B) 10 527.70 52.77 5.79 0.0002
Error 80 729.48 9.12

Durability coefficient Ψ

MIX (A) 3 0.14 0.05 14.28 0.0004
Temperature (B) 1 0.06 0.06 18.74 0.0001

Interaction (A × B) 3 0.20 0.07 20.58 <0.0001
Error 32 0.11 0.003

The values of the specific work of compaction were very diverse (Table 3). For fine fractions
(samples A1, A2, and A3) their values did not exceed 18 J·g−1, regardless of the process temperature.
The highest value of specific work of compaction was obtained during compaction of sample E at
103 ◦C, in which chips of fraction f 1 and f 2 were in a proportion of 75% to 25%, respectively. This effect
may result from a very good packing of the finest biomass particles, wherein the addition (25%) of
the f 2 fraction contributed to the plasticity of the compacted biomass. In the case of the four tested
mixtures B, C, D, and E, in each case an increase in the specific work of compaction was observed due
to the increase in the temperature. The increased temperature caused an increase in the plasticity of
the biomass and a higher density (longer movement of the compaction piston for the same mass of
biomass). Taking into account the level of test probability (Table 2), which is significantly lower than
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the significance level of p = 0.05, there was a strong relationship between the fractional composition
and between the interaction (fractional composition, temperature) and specific work of compaction.
There was no such relationship for the temperature of this process.

Table 3. The effects of interactions of temperature and fractional composition for mean values of
briquettes densities (ρdry, kg·m−3) related to the dry matter; (F(2, 24) = 11.81; p = 0.0003; SE = 2.75) and
specific work of compaction (Lu, J·g−1); (F(2, 24) = 15.94; p < 0.0001; SE = 0.67).

Series Symbol
Temp. Briquettes Density Specific Work of Compaction

◦C kg·m−3 J·g−1

A1
22 1.04 ± 0.11 15.52 ± 0.82
73 1.10 ± 0.12 11.61 ± 0.74
103 1.11 ± 0.07 12.38 ± 0.66

A2
22 0.98 ± 0.05 17.15 ± 1.25
73 1.04 ± 0.09 11.72 ± 0.97
103 1.05 ± 0.08 15.80 ± 1.38

A3
22 0.84 ± 0.09 15.97 ± 1.19
73 1.01 ± 0.08 14.17 ± 1.72
103 1.04 ± 0.08 13.90 ± 1.27

A4
22 0.77 ± 0.08 28.26 ± 1.38
73 0.80 ± 0.07 20.39 ± 1.75
103 0.86 ± 0.06 20.06 ± 2.30

B
73 1.06 ± 0.03 29.40 ± 0.72
103 1.14 ± 0.06 34.25 ± 0.53

C
73 0.90 ± 0.07 31.83 ± 0.91
103 0.96 ± 0.09 33.62 ± 0.83

D
73 1.02 ± 0.08 29.83 ± 0.84
103 1.06 ± 0.10 34.13 ± 0.94

E
73 1.14 ± 0.09 28.14 ± 0.78

103 1.11 ± 0.06 34.55 ± 0.79

3.2. The Effects of the Temperature and Fractional Composition of Compacted Biomass on the Susceptibility to
Compaction and Durability of Briquettes

Similarly, as in the case of the results of specific work of compaction, significant differences in
the values of susceptibility to compaction were observed (Table 4). Significantly lower values were
obtained for the three smallest fractions (from about 13.2 to about 22.5 (J·g−1)/(g·cm−3)). Analyzing
the results summarized in Table 4, it was noted that the share of the thickest fraction f 4 increased the
susceptibility to compaction index. For compaction of the A4 series (100% fraction of f 4), the highest
value of the discussed parameter (42.40 (J·g−1)/(g·cm−3)) was obtained at a process temperature of
22 ◦C. For the mixture C with the fraction f 4 of 25% (75% of fraction f 1), the susceptibility to compaction
at a process temperature of 73 ◦C was 39.62 (J·g−1)/(g·cm−3). In most of the studied cases, increasing
the process temperature resulted in a reduction in susceptibility to compaction. The exception was the
compaction of samples from the E series, where the increase in temperature was observed together
with an increase in susceptibility to compaction. The results of statistical analysis indicated a significant
impact of the process temperature on the biomass susceptibility to compaction. In each case, the test
probability level (Table 2) was lower than the significance level of p = 0.05.

The durability of briquettes obtained from the separated fractions of shredded logging residues is
presented in Table 4. Some briquettes were automatically broken down into smaller parts, which is
why Table 4 contains the results of durability tests only for mixtures of fractions. Satisfactory durability
was not obtained in any of the analyzed cases. The briquettes of B series (50% of fraction f 1, 25% of
fraction f 2, 25% of fraction f 3) were characterized by the highest durability of 68.1% and 72.5% for
temperatures 73 ◦C and 103 ◦C, respectively. In three of the four tested mixtures, the increase in
temperature improved the durability of the obtained briquettes.
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Table 4. The effects of interactions of temperature fractional composition for mean values of susceptibility
to compaction index (kc, (J·g−1)/(g·cm−3)); F(2, 24) = 4.33; p = 0.0248; SE = 1.04) and durability coefficient
(Ψ, %); (F(2, 24) = 7.34; p = 0.0033, SE = 0.01).

Series Symbol
Temp. Susceptibility to Compaction Index Durability Coefficient

◦C (J·g−1)/(g·cm−3) %

A1
22 18.82 ± 1.86 0.0
73 13.20 ± 2.20 0.0
103 13.92 ± 1.78 0.0

A2
22 20.49 ± 1.65 0.0
73 13.11 ± 0.83 0.0
103 17.63 ± 2.40 0.0

A3
22 22.54 ± 4.01 0.0
73 15.92 ± 2.15 0.0
103 15.22 ± 1.31 0.0

A4
22 42.40 ± 4.57 0.0
73 29.26 ± 4.72 0.0
103 26.34 ± 2.59 0.0

B
73 26.93 ± 0.97 68.1 ± 6.2
103 24.17 ± 1.93 72.5 ± 3.0

C
73 39.62 ± 6.22 42.0 ± 2.9
103 30.12 ± 3.36 67.4 ± 5.2

D
73 29.83 ± 3.27 64.2 ± 5.9
103 26.84 ± 2.70 50.9 ± 5.3

E
73 23.58 ± 2.79 51.1 ± 1.0
103 26.44 ± 3.02 66.1 ± 2.7

This effect was caused by liquefaction of resinous substances and activation of natural binders
contained in biomass, which after solidification constituted a natural binder in the compacted material.
Only in the case of samples from the D series did an increase in temperature cause a reduction in the
durability of briquettes. This is due to the fact that the 4–8 mm fraction, which constituted 25% of this
mixture, contained mostly fragments of bark and needles, i.e., matter with worse binding properties
(lower content of resin substances and hemicellulose). As in the case of testing the susceptibility to
compaction, also in the case of durability, the results of statistical analysis indicated a significant effect
of the process temperature on the biomass susceptibility to compaction. In each case, the probability
level of testing (Table 2) was significantly lower than the significance level of p = 0.05.

4. Discussion

Analysis of changes in the values of the examined density, specific work of compaction, durability
of briquettes, and susceptibility to compaction showed that the fractional composition of compacted
biomass had a major impact on these parameters. The highest density was obtained for mixtures with
75% of the finest fraction (0–1 mm) with an addition of fractions (4–8 mm) or (8–16 mm). The data also
showed that the lowest density was obtained for briquettes made of 100% from the thickest fraction
(8–16 mm). The highest densities were obtained for the mixture E (75% of fraction 0–1 mm and 25% of
fraction 1–4 mm) for both temperature values. These values are consistent with the requirements of
PN-EN ISO 17225-3 standard [52], which states that for briquettes made from logging residues the
density should be greater than 0.9 g·cm−3. Statistical analysis of results did not show a significant
effect of either temperature or interaction between temperature and fractional composition on the
density of briquettes. In most of the analyzed cases, increase in the temperature caused an increase in
the density. As Chen and Kuo [53] report, higher temperatures allow for obtaining higher density of
briquettes. Similar trends were emphasized in works by Gürdil and Demirel [29], as well as Kaliyan
and Morey [25,30], Taulbee et al. [31], and Tumuluru et al. [32,33]. Attention is drawn, however, to the
fact that increasing the temperature to 103 ◦C does not significantly increase the density. Considering
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the higher energy expenditure, it should be indicated that agglomeration at a higher temperature is
less economically viable.

The obtained maximum density of individual briquettes did not exceed 1.14 g·cm−3, which is the
value corresponding to the density of pellets. As stated by Tumuluru et al. [33], due to the limited
pressure, the briquettes have unit densities smaller than 1 g·cm−3. High density of agglomerates is
a required phenomenon from the point of view of transport and storage, and as recommended by
Kaur et al. [54] is also beneficial for the combustion process, because it extends burning time.

The analysis of the data presented in Table 2 indicated that the specific work of compaction
was strongly dependent on the fractional composition and the interaction between the fractional
composition and temperature. On the other hand, the process temperature itself had no significant
effect on the specific work of compaction. A detailed analysis of the test results (Table 3) showed that for
all examined mixtures B, C, D, and E an increase in temperature resulted in an increase in the specific
work of compaction. This is in line with the trend for other biological materials. The results were not
clear and no similar relationship was noticeable in the case of compaction of separated fractions.

Durability is an important factor in proving the quality of briquettes. Similarly to Taulbee et al. [31],
we found that increase in compaction temperature causes an increase in the strength of briquettes.
In the studied range, the temperature had a significant influence on the durability of briquettes made
of shredded logging residues. The used woody material is based on cellulose, lignin, hemicellulose,
and resin, which at high temperature act as a binder [31], which improves the durability of briquettes.
Also, according to Lisowski, the increase in temperature causes plasticizing of the particles and
activation of natural binders in the material [35], which in turn leads to improved product durability.
Unfortunately, in all cases the mechanical durability coefficient of tested briquettes ranging 42–72.5%
was unacceptable and lower than 80–98% was obtained for briquettes made of wood sawdust, shredded
plants, or crushed cones [55–60]. The highest value of durability coefficient in presented research was
obtained for mixture B (50% of fraction 0–1 mm, 25% of fraction 1–4 mm, and 25% of fraction 4–8 mm)
compacted at 103 ◦C. Size of particles and share of specific fractions also affected the low values
of durability. According to Taulbee et al. [31] and Tumuluru et al. [32,33] a greater contact surface
and more durable intermolecular connections are found for smaller particles. The obtained results
correspond to the results of Ndindeng et al. [61], who report that briquette durability and density
increase with decrease in agglomerated particle sizes. Moreover, according to Chou et al. [62] and
Ryu et al. [63] smaller particles can result in a more dense structure. The volume of a single compacted
sample could also have an adverse effect on the durability of obtained briquettes. It should also be
stated that, according to many literature sources [64], the height of the compaction die has a significant
impact on the biomass agglomeration process. A high volume of sample (height of the die) had a
negative effect on the pressure distribution in the volume of the produced briquette.

5. Conclusions

Studies have confirmed the significant impact of the fractional composition of compacted
biomass on its susceptibility to process parameters and the quality of the final product. Statistical
analysis confirmed that the density of the briquette, its durability, specific work of compaction,
and the susceptibility of the tested biomass to compaction strongly depend on the particle size of
compacted biomass.

The obtained values of densities ranged from 0.768 to 1.14 g·cm−3 were consistent with those
obtained by many researchers for various types of compacted material and the requirements contained
in relevant standards.

The most favorable, from the point of view of density and durability of briquettes, was the
temperature of 73 ◦C. Unfortunately, also at this temperature a satisfactory durability coefficient was
not obtained.

Specific work of compaction depends on the process temperature. An increase in temperature to
73 ◦C increased this parameter by about 40%.
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Increase in the process temperature up to 73 ◦C results in an increase in the susceptibility to
compaction index.

Taking into account the great potential of forest biomass, it is crucial to carry out more research
on this feedstock. In particular, tests should refer to the impact of the volume of the sample in single
compaction (height of the die) on the durability and density of briquette.
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3. Tucki, K.; Mruk, R.; Orynycz, O.; Wasiak, A.; Botwińska, K.; Gola, A. Simulation of the Operation of a Spark
Ignition Engine Fueled with Various Biofuels and Its Contribution to Technology Management. Sustainability
2019, 11, 2799. [CrossRef]

4. Jacobson, M.Z. Review of solutions to global warming, air pollution, and energy security. Energy Environ. Sci.
2009, 2, 148–173. [CrossRef]
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