
 Selected Papers from
 27th European Biom

ass Conference &
 Exhibition (EU

BCE 2019)   •   David Baxter and Solange I. M
ussatto

Selected Papers 
from 27th European 
Biomass Conference 
& Exhibition 
(EUBCE 2019)

Printed Edition of the Special Issue Published in Energies

www.mdpi.com/journal/energies

David Baxter and Solange I. Mussatto
Edited by



Selected Papers from 27th European
Biomass Conference & Exhibition
(EUBCE 2019)





Selected Papers from 27th European
Biomass Conference & Exhibition
(EUBCE 2019)

Editors

David Baxter

Solange I. Mussatto

MDPI • Basel • Beijing • Wuhan • Barcelona • Belgrade • Manchester • Tokyo • Cluj • Tianjin



Editors

David Baxter

Former European Commission,

Joint Research Centre

UK

Solange I. Mussatto

Department of Biotechnology

and Biomedicine,

Technical University of Denmark

Denmark

Editorial Office

MDPI

St. Alban-Anlage 66

4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal

Energies (ISSN 1996-1073) (available at: https://www.mdpi.com/journal/energies/special issues/

EUBCE 2019).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

LastName, A.A.; LastName, B.B.; LastName, C.C. Article Title. Journal Name Year, Volume Number,

Page Range.

ISBN 978-3-0365-0804-7 (Hbk)

ISBN 978-3-0365-0805-4 (PDF)

Cover image courtesy of Solange I. Mussatto.

© 2021 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license, which allows users to download, copy and build upon

published articles, as long as the author and publisher are properly credited, which ensures maximum

dissemination and a wider impact of our publications.

The book as a whole is distributed by MDPI under the terms and conditions of the Creative Commons

license CC BY-NC-ND.



Contents

About the Editors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

Preface to ”Selected Papers from 27th European Biomass Conference & Exhibition (EUBCE

2019)” . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ix

Moritz Von Cossel, Iris Lewandowski, Berien Elbersen, Igor Staritsky, Michiel Van Eupen,

Yasir Iqbal, Stefan Mantel, Danilo Scordia, Giorgio Testa, Salvatore Luciano Cosentino,

Oksana Maliarenko, Ioannis Eleftheriadis, Federica Zanetti, Andrea Monti, Dagnija Lazdina,

Santa Neimane, Isabelle Lamy, Lisa Ciadamidaro, Marina Sanz, Juan Esteban Carrasco, Pilar

Ciria, Ian McCallum, Luisa M. Trindade, Eibertus N. Van Loo, Wolter Elbersen, Ana Luisa

Fernando, Eleni G. Papazoglou and Efthymia Alexopoulou

Marginal Agricultural Land Low-Input Systems for Biomass Production
Reprinted from: Energies 2019, 12, 3123, doi:10.3390/en12163123 . . . . . . . . . . . . . . . . . . . 1

Mariana Abreu, Alberto Reis, Patrı́cia Moura, Ana Luisa Fernando, António Luı́s, Lı́dia

Quental, Pedro Patinha and Francisco Gı́rio

Evaluation of the Potential of Biomass to Energy in Portugal—Conclusions from the
CONVERTE Project
Reprinted from: Energies 2020, 13, 937, doi:10.3390/en13040937 . . . . . . . . . . . . . . . . . . . . 27

Cristina Moliner, Alberto Lagazzo, Barbara Bosio, Rodolfo Botter and Elisabetta Arato

Production, Characterization, and Evaluation of Pellets from Rice Harvest Residues †

Reprinted from: Energies 2020, 13, 479, doi:10.3390/en13020479 . . . . . . . . . . . . . . . . . . . . 59

Dimitrios K. Sidiras, Antonios G. Nazos, Georgios E. Giakoumakis and Dorothea V. Politi

Simulating the Effect of Torrefaction on the Heating Value of Barley Straw
Reprinted from: Energies 2020, 13, 736, doi:10.3390/en13030736 . . . . . . . . . . . . . . . . . . . . 71

Aidan Mark Smith, Ugochinyere Ekpo and Andrew Barry Ross

The Influence of pH on the Combustion Properties of Bio-Coal Following Hydrothermal
Treatment of Swine Manure
Reprinted from: Energies 2020, 13, 331, doi:10.3390/en13020331 . . . . . . . . . . . . . . . . . . . . 87

Mateusz Szul, Tomasz Iluk and Aleksander Sobolewski

High-Temperature, Dry Scrubbing of Syngas with Use of Mineral Sorbents and Ceramic
Rigid Filters
Reprinted from: Energies 2020, 13, 1528, doi:10.3390/en13061528 . . . . . . . . . . . . . . . . . . . 107

Ekaterina Ovsyannikova, Andrea Kruse and Gero C. Becker

Feedstock-Dependent Phosphate Recovery in a Pilot-Scale Hydrothermal Liquefaction
Bio-Crude Production
Reprinted from: Energies 2020, 13, 379, doi:10.3390/en13020379 . . . . . . . . . . . . . . . . . . . . 129
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Preface to ”Selected Papers from 27th European

Biomass Conference & Exhibition (EUBCE 2019)”

Biomass is all around us. All living things are biomass, although we might prefer to limit our

definition of biomass to plant matter that grows in forests, fields and water and can eventually be used

for essential day-to-day products and bioenergy after appropriate conversion. Before the Industrial

Revolution and the age of increasing fossil fuel use, there was a well-established bioeconomy and at

the same time a relatively constant level of carbon dioxide in the Earth’s atmosphere. Global warming

that we know today had not begun. The needs of plant life to absorb carbon dioxide from the

atmosphere for growth while emitting oxygen provided the environmental balance essential for

maintaining a stable ecosystem for all life on our planet Earth. Nature itself has been performing

carbon capture and storage for millennia. The life we humans choose to live has put severe strain

on the fine carbon balance, and we now realize the urgency of redressing that balance to avoid an

environmental disaster. The European Biomass Conference and Exhibition (EUBCE) addresses the

many key questions as to how biomass should be used in a modern post-fossil fuel age. The EUBCE

has for about 40 years been involved in scientific research both into biomass utilization for bioenergy

and increasingly into the role of biomass in an emerging global bioeconomy. Over the last couple of

decades, the conference has also included a view of the many large-scale biomass utilization projects

to have emerged from earlier research, the challenges of technology scale-up and the adaptations

made to achieve commercial viability. Use of woody biomass directly as a fuel for heating is

long-established but clean and efficient technologies are still developing, particularly with respect

to emissions to air. Biofuels have long been used, and in recent times new processes have received

close attention, with large volumes now being produced in many countries. While biorefineries are

not new, there are many exciting and very promising innovative processes capable of yielding a

very wide range of biochemicals and biomaterials that can not only be used to replace fossil-derived

equivalents but can also create new opportunities in our fast-developing world. The potential for

biomass harvests is increasingly better understood, whether in managed forests or on land used for

farming. Biomass crops can be grown on low-grade or contaminated soils where food crops are

not favored. The aquatic world is also a source of biomass, particularly for algae, and particularly

in contaminated waters, for example in over-fertilized agricultural regions. Residues from many

processes, for example food production, and wastes are a key source of biomass feedstock for

conversion processes. There are so many options and possible ways in which all the available

biomass can be used. The main questions are how biomass should actually be treated in the modern

bioeconomy, and if it is used as a feedstock, what are the best options for utilization. It would be

very nice if all the possible options for biomass use could be listed in order of priority according to

some simple rules, but this is simply not possible. There are far too many variables and far too many

possible pathways from raw biomass to final product. However, substantial progress in narrowing

down options has been made and many good technologies have been developed, some of which do

work at industrial scale. Nevertheless, there are still questions about not only economic and technical

viability, but also the wider environmental impacts of these processes over the long term. Political

policy makers are in real need of sound technical guidance to build appropriate policy frameworks

to ensure the success of the transition away from the fossil fuel era. There are sound pathways for

biomass exploitation in the emerging modern bioeconomy. The editors of this book are keen to show

some of the areas of research that are contributing to the emergence of this bioeconomy. The book

ix



contains a small selection of reports from a range of projects designed to push forward the knowledge

base supporting sustainable biomass use in the bioeconomy. The contents of all the papers presented

here are derived from projects presented and discussed at the EUBCE conference that was held in

Lisbon, Portugal, from May 27th to 30th 2019.

David Baxter, Solange I. Mussatto

Editors
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Abstract: This study deals with approaches for a social-ecological friendly European bioeconomy
based on biomass from industrial crops cultivated on marginal agricultural land. The selected crops
to be investigated are: Biomass sorghum, camelina, cardoon, castor, crambe, Ethiopian mustard,
giant reed, hemp, lupin, miscanthus, pennycress, poplar, reed canary grass, safflower, Siberian elm,
switchgrass, tall wheatgrass, wild sugarcane, and willow. The research question focused on the
overall crop growth suitability under low-input management. The study assessed: (i) How the growth
suitability of industrial crops can be defined under the given natural constraints of European marginal
agricultural lands; and (ii) which agricultural practices are required for marginal agricultural land
low-input systems (MALLIS). For the growth-suitability analysis, available thresholds and growth
requirements of the selected industrial crops were defined. The marginal agricultural land was
categorized according to the agro-ecological zone (AEZ) concept in combination with the marginality
constraints, so-called ‘marginal agro-ecological zones’ (M-AEZ). It was found that both large marginal
agricultural areas and numerous agricultural practices are available for industrial crop cultivation

Energies 2019, 12, 3123; doi:10.3390/en12163123 www.mdpi.com/journal/energies1
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on European marginal agricultural lands. These results help to further describe the suitability of
industrial crops for the development of social-ecologically friendly MALLIS in Europe.

Keywords: bioeconomy; bio-based industry; biomass; bioenergy; industrial crop; perennial crop;
low-input agriculture; marginal land; MALLIS; sustainable agriculture

1. Introduction

In the targeted ‘ideal’ bioeconomy, the production of biomass will take social, ecological, and
health aspects into account [1] to help achieve the sustainable development goals 2015–2030. From the
bioeconomy’s ambitions and definitions, conclusions can be drawn that the growth of the bioeconomy
demands both a reduction of waste and losses and an adequate supply of sustainably grown biomass [2].
However, an increasing biomass production also carries a higher risk of social-ecological threats, such
as increased use of fertilizers and pesticides, negative impacts from land-use changes and additional
pressure on water resources [3–5]. The EU Horizon 2020 project MAGIC (Grant agreement ID: 727698)
was established with the ambition of supporting the mitigation of these risks. This study deals with
the basic findings of the ‘Low-input agricultural practices for industrial crops on marginal land’.

Low-input agriculture (Figure 1) generally provides a number of promising practices that can
help improve the social-ecological sustainability of biomass production while maintaining economic
feasibility [6]. Here, a key parameter is the ratio between on- and off-farm inputs. According to Biala
et al. (2007) [6], in low-input agriculture, the use of on-farm inputs should be maximized and off-farm
inputs minimized. Currently, there are four concrete and real farming system types which follow these
low-input agriculture principles (taken from Reference [7]): (i) Integrated farming, (ii) organic farming,
(iii) precision farming, and (iv) conservation farming.

Figure 1. Principles of low-input agriculture (Source: This study).
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For each of these farming systems, crop selection was found to be highly relevant for efficient use
of resources during their cultivation [8–11]. The resource use efficiency becomes even more relevant
for industrial crop cultivation on marginal agricultural lands (Figure 2). This is because both the yield
potential and the resilience of the agro-ecosystems (their robustness against cropping failures) may
be lower on marginal agricultural lands compared to fertile agricultural lands [9,12–17]. According
to Elbersen et al. [12], marginal agricultural lands can be defined as ‘lands having limitations which in
aggregate are severe for sustained application of a given use and/or are sensitive to land degradation, as a result of
inappropriate human intervention, and/or have lost already part or all of their productive capacity as a result
of inappropriate human intervention and also include contaminated and potentially contaminated sites that
form a potential risk to humans, water, ecosystems, or other receptors’. The implementation of a low-input
approach that can potentially reduce the risk to humans, water, ecosystems or other receptors is mainly
dependent on the farming system and requires site-specific consideration [18,19].

Figure 2. Illustration of relevant biophysical constraints and both economic and social-ecological
challenges selected for marginal agricultural land low-input systems (Source: This study). Numbers
1–7 indicate the major biophysical constraints on marginal lands as defined by the Joint Research
Centre (JRC) [20–22]. The other parameters either influence (main constraints) or follow on (combined
constraints) from the major biophysical constraints, which limit the site-specific plant growth suitability
(Table A1). The economic and social-ecological challenges have been added, due to their increasing
relevance for modern agricultural systems [23–26]. These challenges can render a site marginal
under both economic and social-ecological aspects, such as environmental protection, biodiversity
conservation, infrastructure, markets and landscape appearance.

2. Material and Methods

For ethical reasons, low-input industrial crop cultivation on marginal agricultural lands is to be
preferred in order to reduce competition for agricultural land use with both food crop cultivation and
biodiversity conservation [9,27–30]. As favorable agricultural lands should primarily be used for food

3
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crop cultivation, this study focuses on the use of marginal agricultural lands for low-input industrial
crop cultivation. Consequently, it aimed at:

1. Mapping the major climatic and biophysical constraints across European marginal
agricultural lands;

2. Assessing the growth suitability of pre-selected industrial crops under the prevailing climatic
and biophysical constraints; and

3. The development of social-ecologically friendly marginal agricultural land low-input systems
(MALLIS) for industrial crop cultivation.

To address the above-mentioned research objectives, a thorough literature review was conducted
using the search engines of SCOPUS (Elsevier, B.V.) and Google Scholar (Google LLC.). The pre-selection
of the industrial crops (Table 1) which was based on a multi-criteria analysis (among others, the
maturity of knowledge on industrial crops on marginal land and crops’ productivity on marginal land)
did not form part of this study. Instead, the study deals with the further evaluation of the growth
suitability of 19 promising industrial crops (Table 1), and thus how they meet the requirements for
successful development of MALLIS.

Table 1. Overview of physiological and technical characteristics of the industrial crops.

Crop Physiology

Common Name Binomial Name Life Cycle
Photo-Synzthetic

Pathway
Purpose/Type of

Use

Biomass sorghum Sorghum bicolor L. Moench Annual C4 Multipurpose
Camelina Camelina sativa L. Crantz Annual C3 Oil
Cardoon Cynara cardunculus L. Perennial C3 Multipurpose

Castor bean Ricinus communis L. Annual C3 Oil
Crambe Crambe abyssinica Hochst Ex Re Fries Annual C3 Oil

Ethiopian mustard Brassica carinata A. Braun Annual C3 Oil
Giant reed Arundo donax L. Perennial C3 Lignocellulosic

Hemp Cannabis sativa L. Annual C3 Multipurpose
Lupin Lupinus mutabilis Sweet Perennial C3 Multipurpose

Miscanthus Miscanthus × giganteus Greef et Deuter Perennial C4 Lignocellulosic
Pennycress Thlaspi arvense L. Annual C3 Oil

Poplar Populus spp. Perennial C3 Lignocellulosic
Reed canary grass Phalaris arundinacea L. Perennial C3 Lignocellulosic

Safflower Carthamus tinctorius L. Annual C3 Oil
Siberian elm Ulmus pumila L. Perennial C3 Lignocellulosic
Switchgrass Panicum virgatum L. Perennial C4 Lignocellulosic

Tall wheatgrass Thinopyrum ponticum Podp. Z.-W. Liu
and R.-C. Wang Perennial C3 Lignocellulosic

African fodder
cane

Saccharum spontaneum L. ssp.
aegyptiacum (Willd.) Hack. Perennial C4 Lignocellulosic

Willow Salix spp. Perennial C3 Lignocellulosic

The following sub-sections present the concepts underlying the key elements of this study. These
key elements are (i) the identification of marginal agro-ecological zones (M-AEZ), (ii) the determination
of the growth suitability of the pre-selected industrial crops in the prevailing M-AEZ, and (iii) the
development of MALLIS for industrial crop cultivation.

2.1. The Identification of Marginal Agro-Ecological Zones (M-AEZ)

To achieve the first two key elements, mapping was performed as follows: Marginal agricultural
lands were mapped [31] according to the biophysical limitations defined and classified by JRC [20–22].
The mapping was limited to a so-called ‘agricultural mask’. This mask includes all land that was
classified in an agricultural land cover class in at least one of the four Corine Land Cover (CLC)
versions (1990, 2000, 2006, and 2012). Further details of the methodological approaches are provided in
the following sub-sections.

4
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2.2. Determination of the Growth Suitability of the Pre-Selected Industrial Crops in the Prevailing M-AEZ

The approach to mapping the growth suitability of the 19 pre-selected crops involves the identification
of the minimum and maximum climate and soil requirements per crop. The growth suitability
requirements of the selected industrial crops were determined according to the literature [32,33]. They
were used to map and calculate both the distribution and size of the crop-specific growth suitability areas
across European marginal agricultural land. The thresholds for the suitability parameters were set as
the starting point at which the crop can grow and survive. The suitable area is, thus, given as the area
where all suitability factors are within the minimum and maximum range. In this mapping assessment,
a distinction was made between suitable and unsuitable area per crop. However, no further classification
of the suitable area was made, for example, into high to low suitability. For an easier interpretation of the
results, the European land surface was divided into the three agro-ecological zones (AEZ): Mediterranean
(AEZ1), Atlantic (AEZ2) and Continental and Boreal (AEZ3) (Figure 3, Table 2). Each combination of an
AEZ with at least one biophysical constraint (Table A1) refers to as ‘M-AEZ’ (Table 2).

Figure 3. Distribution of agro-ecological zones (AEZ) taken into consideration for the development of
marginal agricultural land low-input systems (MALLIS) for industrial crops across Europe (modified
from Reference [34]).

The basic crop-specific biophysical growth requirements were compiled according to Ramirez-
Almeyda et al. (2017) [32]. Each biophysical parameter was divided into a number of classes.
For instance, the parameter “precipitation” was divided into eight classes (in mm a−1): 0–100,
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100–200, 200–300, 300–400, 400–500, 500–600, 600–800, and 800–1000 (Table A2). Afterwards, the
growth suitability of each crop was ranked according to these classes based on available literature.
Additionally, the basic climatic growth requirements of the crops were compiled (Table 3).

Table 2. Relevance of the constraints and constraint combinations expressed as agricultural area (km2)
per AEZ.

Constraint(-s) a AEZ 1 AEZ 2 AEZ 3 AEZ 1-3

RT 62,247 51,823 41,449 155,519
CL 27,752 4564 79,780 112,096
WT 2526 65,322 40,233 108,081
TR 31,332 5710 11,362 48,404

RT-TR 15,636 14,656 2157 32,449
CL-RT 25,675 593 6064 32,332
CL-WT 701 13,141 16,263 30,105

FE 15,205 3087 5246 23,538
CH 6883 3642 11,987 22,512

CL-FE 14,527 291 3524 18,342
WT-RT 348 10,541 1745 12,634
CL-TR 2920 1577 4189 8686

CL-RT-TR 4240 1072 1150 6462
CL-WT-RT 95 1531 3472 5098
CL-WT-TR 12 4663 61 4736
CL-FE-RT 4272 47 97 4416

CL-FE-RT-TR 4272 47 97 4416
CL-WT-RT-TR 603 2361 1421 4385

CL-FE-TR 151 2361 1421 3933
WT-TR 51 1935 976 2962
FE-RT 1268 603 289 2160

CL-WT-FE 0 1344 594 1938
WT-RT-TR 4 1158 58 1220

WT-FE 11 986 198 1195
CL-CH 1173 0 0 1173
FE-CH 200 1 950 1151
CH-TR 273 46 654 973

CL-WT-FE-RT 0 185 697 882
CH-RT 280 107 195 582
WT-CH 37 239 154 430

CL-WT-FE-TR 0 417 1 418
CL-WT-FE-RT-TR 1 143 106 250

CL-FE-CH 244 0 0 244
FE-TR 117 49 51 217

WT-FE-RT 0 87 10 97
WT-FE-TR 0 77 1 78
CL-CH-RT 54 0 0 54
FE-RT-TR 7 32 6 45
CH-RT-TR 26 2 16 44
CL-CH-TR 18 0 0 18
FE-CH-TR 1 0 17 18
FE-CH-RT 4 0 7 11
CL-WT-CH 5 0 0 5
WT-FE-CH 0 0 1 1

Total marginal 218,962 192,302 235,569 646,833
Total not marginal 422,565 538,855 704,818 1,666,238

Total 641,527 731,157 940,387 2,313,071
a CH: Salinity or sodicity; CL: Low temperature, high temperature or dryness; FE: Acidity, alkalinity or soil organic
matter; RT: Shallow rooting depth or unfavorable texture; TR: Steep slope; WT: Limited soil drainage or excess
soil moisture.
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Table 3. Main thermal growth requirements of the 19 pre-selected industrial crops.

Crop
Factors of Thermal Growth Requirements

Base Temperature
(◦C)

Minimum Length of
Growing Season (d)

Minimum of Growing Degree
Days a (Thermal Time, ◦C d)

Biomass sorghum 8 100 1500
Camelina 5 90 1000
Cardoon 7.5 120 1100

Castor bean 10 135 1500
Crambe 5 100 1200

Ethiopian mustard 5 120 2000
Giant reed 5 210 1843

Hemp 6 90 1400
Lupin 0 222 2260

Miscanthus 5 78 1700
Pennycress 4 90 1200

Poplar 0 180 2200
Reed canary grass 0 111 2000

Safflower 2 120 1800
Siberian elm 6 150 2000
Switchgrass 6 140 2060

Tall wheatgrass 4 90 1200
Wild sugarcane 10 210 2400

Willow 2 180 2000
a Accumulated mean daily temperature equal to or above than the crop-specific base temperature.

When mapping the crop-specific growth suitability areas, we only considered whether a crop
could potentially grow. We did not take different yield levels into account. In the constraint-specific
ranking, classes 0 and 1 were denoted as not suitable. Therefore, if any of the basic climatic growth
requirements are not met or any of the constraint-specific rankings falls within class 0 or 1, the area
is designated as ‘not suitable’. The result was an overview of the potential growth suitability of
the pre-selected industrial crops across European marginal agricultural land. This means that only
agricultural areas were considered; woodlands and urban areas were excluded from the mapping of
marginal agricultural land.

2.3. Definition and Methodology of Marginal Land Low-Input Systems (MALLIS) Development for
Industrial Crops

In this sub-section, the definition of best-practice low-input management systems for the
pre-selected industrial crops (Table 1) is elaborated. This ties in with current knowledge on
best low-input agricultural practices for food crop production on good soils [6]. The concept of
best-practice low-input agricultural cropping systems considers management approaches from many
categories of agricultural production, including organic, integrated, conservation agriculture and
mixed crop-livestock farming [35–37]. These all have one constant: Low-input agricultural practices
seek to optimize the use of on-farm resources while minimizing off-farm resources [6,35,36]. This
leads to a more ‘closed’ cycle of production (and less external inputs) [37]. Note, that this more
closed production cycle requires both more advanced agronomic skills [38,39] and additional links
within the value chain, such as application of biochar [40–49] or phosphate salt recovery from the
digestates [50,51]. Therefore, practical guidelines for industrial crops are also under development
within the MAGIC project.

Agronomic strategies for the successful application of low-input agricultural practices in a crop
management system should be seen as a set of strategies that take into consideration both the
interactions between plants, soil, the atmosphere and the efficient use of inputs to enable the highest
output with minimal (on-farm and/or off-farm) input supply [6,52–54]. Agronomic strategies for
low-input systems may also match good agricultural practices—cultivation practices that address
economic, social and environmental sustainability [37] for high-quality food and non-food agricultural
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products [38,55]. Such practices include the implementation of appropriate crop rotations, pasture
management, manure application, soil management that maintains or improves soil organic matter,
and other land-use practices, as well as conservation tillage practices [8,37,48].

Diversity in crop rotations is a way to reduce reliance on synthetic chemicals, control weeds
and pests, maintain soil fertility and reduce soil erosion, prevent soil-borne diseases, leading to the
reduction of off-farm inputs [54]. Reduced soil tillage is a way to reduce soil erosion, improve water
buffer capacity, and increase both soil fertility and organic matter [37]. Water management is a major
challenge in the Common Agricultural Policy (CAP) and requires the monitoring of soil and crop water
status to schedule irrigation efficiently. Fertilizers and agrochemicals should be applied following
the good agricultural practices, e.g., to replace only the amount of nutrients that were extracted by
harvest [37].

Crop protection should be done in a way that maximizes the biological prevention of pests and
diseases, in particular by promoting integrated pest management (IPM) and though appropriate rates
and timings of agrochemicals. Preventive crop protection can also be supported by the selection of
resistant cultivars and varieties, crop sequences, crop associations (e.g., intercropping), and proper
cultural practices [35].

The development of ‘marginal agricultural land low-input systems’, referred to as ‘MALLIS’,
is based on the following definition: ‘MALLIS is defined as a set of low-input practices which are
relevant management components to form viable cropping systems on marginal (arable) lands under
specific climatic conditions and are sustainable in both socio-economic and environmental terms’. The
implementation of MALLIS should enable farmers to cultivate industrial crops on marginal agricultural
lands, considering both economic and socio-environmental aspects. Consequently, MALLIS should
not only allow for profitable net farm income under the challenging biophysical growth conditions of
marginal lands. It also helps to (i) reduce off-farm inputs, such as synthetic fertilizer, pesticides and
energy (e.g., for water pumps, fuel, crop harvest machinery, storage, processing, etc.) and (ii) mitigate
negative macro-economic externalities (GHG emissions, biodiversity loss, ground- and surface water
contamination, soil organic matter loss, erosion, degradation, land-use change), while (iii) ensuring
feasible economic benefits at farm level. Therefore, the development of MALLIS considers not only the
biophysical constraints, but also socio-economic and ecological demands of the respective areas.

The conceptualization of MALLIS development always begins with the selection of the most
promising industrial crop, because all other agricultural practices (tillage, fertilization, weeding,
irrigation, etc.) strongly depend on the type and site-specific performance of the crop. This MAEZ-
specific growth-suitability ranking (and mapping) of the pre-selected industrial crops was based
on the crop-suitability rankings. The basic climatical growth suitability thresholds are presented
in Table 3. After the identification of suitable crops, the conceptualization of MALLIS for MAEZ
was done on a general level (regional scale), since detailed best practice recommendations for the
optimized management of agricultural practices very much depend on local conditions (field-to-farm
scale) [56–60]. Therefore, the MALLIS for the new field trials to be conducted in the MAGIC project
(field-to-farm scale) were developed considering three main MAEZ criteria:

• The crop’s performance according to site-specific climatic and geographic conditions, especially
under given biophysical constraints;

• The kind and quality of biomass required in the given infrastructure, processing industries and
distribution channels (markets);

• The agricultural status of the farm(s), e.g., the techniques, knowledge and resources available to
ensure successful cultivation of the crop.
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3. Results and Discussion

3.1. Marginal Agro-Ecological Zones in Europe

As illustrated in Figure 2, there are various biophysical constraints and socio-economic challenges
which need to be considered for MALLIS development. Table 2 shows the relevance of the numerous
biophysical constraint combinations within each of the three AEZ. According to category 1 (‘natural
constraints’), the total marginal area across European land surface amounts to 646,833 km2 (Table 2)—an
area as large as France. However, this marginal agricultural land is widely scattered across Europe
(Figure 4). Furthermore, there were 38 combinations of ≥ 2 constraints identified (Table 2). Across
Europe, the most prevailing constraints are adverse rooting conditions, (155,519 km2), adverse climatic
conditions (112,096 km2) and excessive soil wetness (108,081 km2). The total marginal arable land
characterized by soil constraints accounts for about 535,000 km2. This is about 155,000 km2 more than
reported by Gerwin et al. (2018) (380,000 km2) [56,61]. It is likely that this difference results from the
use of different thresholds for determining what is marginal and what is not. However, both values are
within the same range.

 
Figure 4. Marginal agricultural lands based on biophysical constraints in Europe (ANC = agricultural
natural constraint) (Source: This study).
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3.2. The Growth Suitability of the Pre-Selected Industrial Crops in the Prevailing M-AEZ

Potentially suitable industrial crops were identified for virtually all types of marginal agricultural
land across Europe (Table A3). Each AEZ appears to have its own best-adapted industrial crops. A closer
look at the type of biomass reveals that, for instance, oil crops are more suitable for Mediterranean
regions than for the Atlantic region (Table A3). Among the woody lignocellulosic crops, Siberian elm
outperforms poplar in the Mediterranean region (Table A3). The dominating lignocellulosic crops are
tall wheatgrass, followed by reed canary grass and miscanthus (Table A3).

3.3. Marginal Agricultural Land Low-Input Systems (MALLIS) for Industrial Crop Cultivation

Sections 3.1 and 3.2 revealed both the major M-AEZ in Europe and the growth suitability of
the pre-selected industrial crops. This section explains how MALLIS could be developed using the
information on M-AEZ and the crops’ growth suitabilities. Furthermore, it discusses which other
aspects need to be taken into account for MALLIS development in order to improve both the economic
and social-ecological sustainability of the MALLIS in the long term.

3.3.1. Agricultural Measures for MALLIS Development

The potential effects of structured and systematic agricultural measures on agriculture facing
biophysical constraints are provided in Tables A4 and A5. Furthermore, the literature review revealed
that there are several ways to overcome each of the biophysical constraints. Tables A4 and A5 provide
an overview of the suitability of agricultural management options for dealing with the prevailing
biophysical constraints on marginal agricultural lands. For example, the use of mulch helps to increase
the soil thermal time, and thus increase the yield level in regions affected by water limitations and low
temperatures [62].

3.3.2. Environmental Threats and Social Requirements

MALLIS implementations at a regional scale should also take both environmental threats and
social requirements into consideration. Marginal agricultural lands could be characterized as fragile
environments being highly susceptible to any types of external disturbance and input [6,12,63].
Key measures that can be highly recommended for the improvement of resilience include (i) the
selection of low-demanding industrial crops (reduces the amount of fertilizers, and thus the risk of
nutrient-leaching) [27], (ii) the development of heterogeneous landscape concepts (many small fields
rather than only a few large fields) [64–67], and (iii) the implementation of agricultural diversification
measures (intercropping, crop rotations, wildflower strips) [35,68,69]. Consequently, the assessment of
the environmental performance of MALLIS should not be exclusively based on the global warming
potential, but also on a number of other environmental impact categories, such as human toxicity
threats, marine ecotoxicity, freshwater eutrophication and freshwater ecotoxicity, biodiversity and soil
quality, pollution [70], and use of resources, e.g., water resources [71]. However, to enable a long-term
sustainable implementation of MALLIS, besides the environmental impact categories, the social
demands and the economic and market aspects must also be taken into account. The potential and
viability of agricultural investments have to take into account land and labor costs, inputs, such as
mechanical equipment costs, and income (which is linked with the market opportunities) [72]. The
socioeconomic impacts can be measured via quantitative and qualitative parameters [73]. Moreover,
aspects related to technological viability should also be taken into consideration. The yield loss
associated with cultivation on marginal agricultural land may lead to higher contents of nutrients, such
as nitrogen and potassium in the biomass, which may complicate further processing of the biomass [74].
Generally, this means that the prevailing structures of the existing agricultural systems [75], the farm
typology [76], and the behavior patterns of the rural communities [24,77] require specific bottom-up
research structures, such as the Integrated Renewable Energy Potential Assessment (IREPA) [78]. This
would enable a better adaptation of MALLIS to the farm diversity [76,77] and the local community.
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Finally, this could potentially have a positive influence on the overall public acceptance of the
MALLIS [79].

3.3.3. Biodiversity Conservation

Another aspect worthy of discussion is the ecosystem functionality [80] of the pre-selected
industrial crops in terms of biodiversity conservation. Concerning the soil ecological functions
fulfilled by pedofauna, recent works on the following of bioenergy crops establishment on marginal
contaminated soils showed that belowground fauna was stimulated [81]. Higher densities and
diversity of soil invertebrates were found under miscanthus compared to annual cropping systems [82],
as well as the positive effect on microbial diversity [83]. These crops were specifically selected as
representative of those that deliver the most important crop-based biomass resources for current
biomass industries. However, the recent (alarming) decrease in pollinator abundances across Central
European landscapes [23,25] may induce changes in the priorities for crop selection, and thus the
development of MALLIS in the future. For example, pollinator-supporting traits, such as nectar
provision and high resistance to pests and diseases could become more important than economic traits,
such as biomass yield and biomass quality if public awareness of this topic continues to increase [84].
There are a number of reports on alternative pollinator-supporting industrial crops, such as perennial
wild plants [85–89], cup plant (Silphium perfoliatum L.) [90–92], sida (Sida hermaphrodita L.) [93–95],
and amaranth (Amaranthus hypochondriacus L.) [96–98]. However, many of the pre-selected industrial
crops are also expected to have positive effects on pollinators. These include camelina [99–101],
crambe [100,102], safflower [103,104], lupin [105,106], cardoon [107,108] and willow [63,109,110].
In addition, the suitability of the MALLIS for habitat networking in combination with other highly
diverse cropping systems, such as species-rich meadows [111] should be investigated to improve the
overall efficiency of the MALLIS for biodiversity conservation. Also, marginal land can anchor rich
biodiversity components (plants with high significance for locals, e.g., for medicinal or food purposes),
and change of land use should take this element into account [112].

3.3.4. Explanatory Setup of a MALLIS on a Shallow Stony Soil

This section provides an example on how MALLIS could be implemented on a marginal agricultural
site characterized by two biophysical constraints [21]: (i) Shallow soil (<35 cm topsoil depth); and (ii)
stoniness (≥15% of topsoil volume is coarse material, rock outcrop or boulder). Due to these constraints,
both the rooting conditions and the soil fertility are lower than in deep soils. It is economically not
feasible to grow food crops under these conditions, and thus, the cultivation of certain industrial crops
would not compete with food security on sites like this. However, not all industrial crops are able to
grow well under these conditions either. Thus, the identification of a best-adapted industrial crop is
the first step in developing a site-specifically suitable MALLIS. In this case, perennial crops, such as
miscanthus and switchgrass are found to be suitable because (i) they do not require soil tillage and
sowing each year compared to annual crops which helps both increasing soil fertility [113,114] and
reducing erosion [115] in the long term, (ii) they can manage to root deep enough despite shallow soil,
because their root systems are stronger and more developed than those of annual crops, and (iii) the
climatic conditions meet the crop-specific growth requirements. In this case, the perennial C4-grass
miscanthus (Miscanthus × giganteus Greef et Deuter) was chosen (Figure 5), due to its low demanding
nature and high biomass yield potential under challenging conditions [116]. This is part of ongoing
research on the cultivation of miscanthus on marginal agricultural lands in MAGIC [117]. In the
EU-funded project ‘GRACE’ (Grant agreement ID: 745012), it is also investigated how the cultivation
of miscanthus on marginal agricultural lands can be optimized [118].

Preliminary results of a field trial in southwest Germany indicate that miscanthus can establish
well (Figure 5) under the given conditions [119]. The dry matter yield (DMY) averages 13 Mg ha−1

a−1 from the second year onwards [119]. This is a medium DMY level compared with miscanthus
grown on good soil [116,120,121]. However, it should be mentioned that miscanthus requires very
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low nitrogen (N) fertilization [122], especially when harvested for combustion in winter [60,123]. This
is because miscanthus has very efficient nutrient-recycling when harvested in winter [79,124]. The
low demand for nitrogen fertilization renders a key low-input factor [6,32] of this MALLIS, due to
an improvement of the on-farm/off-farm-ratio in favor of the on-farm inputs. Furthermore, low N
fertilization levels help improve the ecosystem services of miscanthus cultivation, such as groundwater
protection, environmental protection [26,80,120], while maintaining the soil nitrogen balance [125].
Overall, both the improved ecosystem services and low production costs justify the medium DMY level
of miscanthus at comparable marginal agricultural sites (shallow soil, stoniness, etc.). Consequently,
MALLIS must be developed under careful consideration of the given site-specific conditions [57].
Therefore, the major development steps are (i) the identification of the growth conditions and the
biophysical constraints [20,20,22], (ii) the selection of best-adapted crops, and (iii) the conceptualization
of best-adapted site-specific low-input agricultural practices.

 
Figure 5. Four-year old miscanthus (Miscanthus × giganteus Greef et Deuter) grown on a shallow stony
soil in southwest Germany.

3.4. Recommendations and Outlook

The results of the suitability mapping are in line with the available literature [17,56,61,121,126–128].
Uncertainties were identified within the basic climatic requirements, because in some cases the
distribution does not meet the expectations. This could be caused by the wide genetic variation within
both perennial crop species, such as switchgrass and miscanthus, and annual crop species, such as
camelina and safflower. To improve the representability, the basic climatic growth requirements should
either include ranges (minimum–maximum) for each parameter per crop or different genotypes for
each crop. For instance, there is a wide genetic variation among miscanthus genotypes with regard
to their heat and cold tolerance [129–131]. For some annual industrial crops, such as camelina and
safflower, winter-annual genotypes are also available [132–135]. It would very likely further increase
the potential growth suitability of the pre-selected industrial crops to take these genetic variations
into account. Nevertheless, this study provides valuable first insights into the potential distribution
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of growth suitability, contributing to an improved crop selection for the development of MALLIS
across Europe.

The results of this study indicate that there are large areas potentially available for industrial crop
cultivation. This is in line with available literature [17,56,61,126,127]. In many cases there are ≥2 crops
suitable for the same area (Table A3). Thus, careful consideration should be given to the selection
of crops or their most favorable combination according to the site conditions [136]. For an adequate
crop selection, site-specific conditions other than the growth suitability should also be considered,
such as the local social-ecological needs and the distance to the markets. For instance, if a site is
prone to erosion, a perennial cropping system would be preferable to an annual (rotational) cropping
system [115,137–139]. This could help ensure a more sustainable biomass production from both an
environmental and economic point of view in the long term [140]. It would reduce the risk of further
degradation through erosion, and thus help maintain or even improve the resilience of the given
agroecosystem [14,141,142].

In this study, the growth suitability of the crops did not include yield and quality levels. This
means that potential differences in yield or biomass quality between suitable industrial crops for the
various types of marginal land across Europe remain unclear. Furthermore, the study did not cover
macroeconomic aspects, such as infrastructure and market accessibility, which also play a vital role
in the determination of the best site-specific crop selections across European marginal agricultural
lands. In some cases, the suitability of an industrial crop also depends on the local conditions of
the farms. For example, either the technical equipment or the know-how may impede an optimal
MALLIS implementation. However, this study contributes to the ongoing research into how biomass
for a growing bioeconomy can be provided in low-input systems, as the growth suitability of the
crops forms the basis for the successful development of MALLIS. The site-specific growth suitability
presented here are also available in the form of a decision support system [136]. This aims at enabling
the selection of suitable case study regions for further optimization of site-specific MALLIS for industrial
crop cultivation. In addition, the missing links mentioned above, including detailed information on
the best crop- and site-specific harvesting technology and guidelines for farmers are also explored
in the EU Horizon 2020 project MAGIC (GA 727698) [117]. As climate-change-forced shifts in the
distribution of both marginal agricultural land and growth suitability of the industrial crops are to be
expected [126,143–145], they are also under investigation [58,146]. This could help to better prepare
European agriculture for the projected severe effects of climate change [143,144,147].

4. Conclusions

This study introduces the concept of marginal agricultural land low-input systems (MALLIS) for
industrial crop cultivation. MALLIS are defined as sets of agricultural low-input practices to form
viable cropping systems on marginal agricultural lands under specific climatic conditions. These
sets of practices are intended to be holistically sustainable in both social-ecological and economic
terms. The study identified the climatic and geophysical constraints on biomass production and the
ability of 19 industrial crops to cope with these limitations. Overall, the industrial crops showed high
suitability for low-input cultivation on marginal agricultural lands across Europe. However, further
investigations of MALLIS are required to investigate their social-ecological sustainability and climate
change effects on marginal agricultural lands.
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Appendix A

Table A1. Overview of the three categories of marginality constraints as classified within this
deliverable. Category 1 was adapted from Reference [20]. Categories 2 and 3 were developed based on
the literature review.

Constraint Category Factor Category Thresholds/Specifications

Category 1: “Natural
constraint based

marginality”

Low temperature
(insufficient thermal time)

Length of growing period ≤ 180 days
Thermal time sum ≤ 1500 degree days

Dryness—Too dry
conditions Precipitation/Potential Evapotranspiration (P/ET ≤ 0.5)

Limited soil drainage and
excess soil moisture

Wet 80 cm > 6 months
Wet 40 cm > 11 months
Poorly or very poorly drained
Gleyic colour pattern within 40 cm
Soil moisture above field capacity for >230 days (excessive
soil moisture)

Unfavorable soil texture
and stoniness

Topsoil with stones (15% of topsoil volume is coarse material, rock
outcrop, boulder)
Texture class in half of the soil in a profile of 100 cm vertical depth is
sand, loamy sand
Organic soil, defined as having organic matter ≥ 30% of at least 40 cm
Topsoil with 30% or more clay and presence of vertical properties
within 100 cm

Shallow rooting depth
The physical anchorage of the rooting system (rooting depth ≤ 30 cm)
The provision/storage of nutrients and water
The possibility of mechanized tillage

Poor chemical properties
(Soil salinity, soil sodicity,

soil acidity)

The possibility of mechanized tillage
Limitation to plant growth, due to toxic elements in soil
Vulnerability to waterlogging
Damage to soil structure (and consequently increase in risk of erosion)
Limited availability of nutrients for plants
Salinity ≥ 4 dS/m in topsoil
Sodicity ≥ 6 ESP in half or more of the 100-cm surface layer
Soil Acidity of topsoil with pH (H20) ≤ 5

Steep slope Slope ≥ 15%

Category 2:
“Socio-economic-political

constraints”

Lack of awareness (alternative strategies—lack of know-how, etc.)
Social norms (adoption of same cropping patterns as done by elders)
Economic viability, especially of set-aside, small land holdings
Lack of infrastructure
Lack of policies
Lack of government programs, such as extension services

Category 3: “Endangered
Sites”

Lands which are currently productive, but will be transformed into
marginal lands in the long term if not managed properly (also, lack of
know-how or lack of awareness from farmers/government).
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Table A2. Crop-suitability ranking (from 0 = unsuitable to 4 = very suitable, whereas both 0 and 1 were
defined as marginal) according to precipitation.

Crop
Precipitation Classes (mm year−1 or mm (Growth Season of Annuals)−1)

0–100 100–200 200–300 300–400 400–500 500–600 600–800 800–1000

Biomass sorghum 0 1 2 3 4 4 4 4
Camelina 3 4 4 4 4 4 2 2
Cardoon 0 0 0 1 2 3 3 4

Castor bean 1 2 2 3 3 4 4 4
Crambe 3 4 4 4 4 4 2 2

Ethiopian mustard 2 3 3 3 3 4 4 4
Giant reed 0 0 1 1 2 3 4 4

Hemp 0 1 2 3 4 4 4 3
Lupin 0 1 2 2 3 4 4 4

Miscanthus 0 0 0 0 1 2 3 4
Pennycress 1 1 2 4 4 4 4 4

Poplar 0 0 0 0 0 0 2 3
Reed canary grass 0 0 0 0 0 0 2 3

Safflower 0 1 2 3 4 4 4 3
Siberian elm 0 0 1 2 3 4 4 4
Switchgrass 0 0 0 1 2 3 4 4

Tall wheatgrass 0 0 1 3 4 4 4 4
Wild sugarcane 0 1 1 2 3 4 4 4

Willow 0 0 0 0 0 0 2 3

Table A3. Total area (km2) per selected industrial crop suitable for cultivation on marginal land across
Europe (EU-28) and share (%) of marginal land suitable for cultivation of the crop.

Crop
AEZ 1 AEZ 2 AEZ 3 AEZ 1–3

km2 % km2 % km2 % Km2 %

Biomass sorghum 193,118 88 31,322 16 6323 3 230,763 36
Camelina 209,761 96 186,018 97 183,667 78 579,446 90
Cardoon 172,804 79 71,822 37 83,249 35 327,875 51
Castor 160,990 74 10,658 6 3412 1 175,060 27

Crambe 216,577 99 175,244 91 130,959 56 522,780 86
Ethiopian mustard 184,988 84 43,177 22 10,111 4 238,276 37

Giant reed 129,501 59 2459 1 1173 0 133,133 21
Hemp 162,794 74 80,422 42 17,392 7 260,608 41
Lupin 201,888 92 36,790 19 37,162 16 275,840 43

Miscanthus 130,634 60 83,820 44 88,010 37 302,464 48
Pennycress 208,388 95 64,812 34 76,465 32 349,665 56

Poplar 48,166 22 159,938 83 150,428 64 358,532 60
Reed canary grass 45,863 21 124,828 65 147,470 63 318,161 53

Safflower 201,689 7 145,382 76 16,164 92 363,235 58
Siberian elm 179,148 82 20,611 11 28,261 12 228,020 36
Switchgrass 160,238 73 19,732 10 26,628 11 206,598 32

Tall wheatgrass 211,255 96 151,166 79 172,355 73 534,776 88
Wild sugarcane 46,516 21 252 0 0 0 46,768 7

Willow 56,880 26 164,191 85 119,536 51 340,607 56
Average 153,747 66 82,771 43 68,356 33 304,874 49
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Abstract: The main objective of the Portuguese project “CONVERTE-Biomass Potential for Energy”
is to support the transition to a low-carbon economy, identifying biomass typologies in mainland
Portugal, namely agri-forest waste, energy crops and microalgae. Therefore, the aim was to design
and construct a georeferenced (mapping) database for mainland Portugal, to identify land availability
for the implementation of energy crops and microalgae cultures, and to locate agricultural and forestry
production areas (including their residues) with potential for sustainable exploitation for energy.
The ArcGIS software was used as a Geographic Information System (GIS) tool, introducing the data
corresponding to the type of soil, water needs and edaphoclimatic conditions in shapefile and raster
data type, to assess the areas for the implantation of the biomass of interest. After analysing the data
of interest in each map in ArcGIS, the intersection of all maps is presented, suggesting adequate areas
and predicting biomass productions for the implementation of each culture in mainland Portugal.
Under the conditions of the study, cardoon (72 kha, 1085 kt), paulownia (81 kha, 26 kt) and microalgae
(29 kha, 1616 kt) presented the greater viability to be exploited as biomass to energy in degraded and
marginal soils.

Keywords: biomass; energy crops; miscanthus; cardoon; Paulownia tomentosa; microalgae; marginal
land; contaminated soils; geographic information systems (GIS); ArcGIS

1. Introduction

In the past few years, a significant increase in the demand for agricultural species for biofuels
production that compete with the food and feed sectors have been reported, such as, starch-rich
crops (corn, wheat, barley, oats as well as tubers and roots such as sweet potatoes, yams, cassava
and potatoes), sugar-rich crops (sorghum, sugar beet and sugar cane) and oil-rich crops (sunflower,
soybean, coconut, palm, sesame and olive), increasing the pressure on suitable soils for agriculture [1].
To avoid the risk of conflicts on land use due to competition for food and feed, it is necessary to limit
and even prohibit the use of land presenting high carbon stock for the implementation of non-food
crops or directed to the production of energy. The greater relevance is to utilize uncultivated land (or
wasteland) and degraded soils that are not implemented in conventional agriculture [2].

Portuguese Decree-Law n. 152-C/2017 (created from European Directive 2015/1513), highlights
the need to reduce the use of conventional biofuels obtained from food raw materials and from species
grown on agricultural land or land with a high organic load. Another principle is to encourage the

Energies 2020, 13, 937; doi:10.3390/en13040937 www.mdpi.com/journal/energies27
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promotion, production and use of advanced biofuels for energy production obtained from waste,
wood-pulp materials (forest biomass including their waste), non-food cellulosic material such as waste
derived from agricultural food species (straw, stover, husks and shells) or grassy species (miscanthus,
ryegrass, arundinaria gigantean, panicum), waste from human and animal food sector and, finally,
algae [3]. These types of feedstocks can be used in thermochemical conversion technologies such
as gasification, combustion, pyrolysis and hydrothermal liquefaction and in biochemical conversion
technologies such as fermentation for the production of bioethanol, biogas, biohydrogen or biodiesel.

Portugal is a country characterized by 39% of forests, 26.3% of agriculture-based land, 12.4% of
bush and 8% of agroforestry systems, with the remainder corresponding to pastures (6.5%), artificial
territories (5.1%) and other (2.7%) (data obtained from the Portuguese Carta de Ocupação do Solo
or Land Use Mapping (COS 2015) for the continental territory, developed by the Direção-Geral do
Território, DGT) [4]. Considering those values, it can be said that Portugal is a biomass producer
because most of its territory (more than 85%) is covered by vegetation, utilized in several economic
sectors, including the production of biofuels and others forms of energy such as electricity and heat [4].
In Portugal, the installed power derived from biomass in July 2015, with and without cogeneration,
was 474 MW, including those obtained from the use of agricultural waste, forest waste, and pulp and
paper industry waste [5]. According to Ferreira and colaborators (2017) [6], the total biomass resources
potential estimated for the country in 2017 was of 42,489.7 GW h/year, and Portugal intends to have
60% of its generated electricity coming from renewable resources by 2020, in order to satisfy 31% of its
final energy consumption by the same year. However, the current biomass status is not enough to reach
this target. Energy crops and microalgae are considered a good option to cover the existing deficit.
However, in Portuguese territory the production of dedicated crops for energy is negligible and more
studies and investment in R&D are needed, and the same applies for microalgae production for energy.

In order to identify suitable areas for the implementation of energy crops and microalgae, it is
necessary to take advantage of geographic information science through the ArcGIS software of the
Geographic Information System (GIS), developed by ESRI (Environmental Systems Research Institute).
It is characterized by a multiplicity of functions such as the capture, collection, measurement, storage,
organization, modeling, editing, analysis, treatment, mapping, sharing and publication of data with
relevant information of potential zones for the planting of energy crops and microalgae production
according to certain parameters, such as the type of area, soil, water needs and edaphoclimatic
conditions. For these reasons, geo-referencing is fundamental and must be integrated in studies that
promote the development of biomass for energy, so that productivities can be accurately estimated to
help model the potential of bioenergy production.

The main objective of the Portuguese Project “CONVERTE-Biomass Potential for Energy” was
to support the transition to a low-carbon economy, identifying the existing and still to be explored
biomass typologies in mainland Portugal, namely urban waste, industrial waste (such as agro-food
waste including sludge from wastewater treatment plants) and energy crops and microalgae. Therefore,
the aim of this work is to present the design and construction of georeferenced databases (mapping) in
mainland Portugal to evaluate areas/soils for the implementation of energy crops, areas/soils/waters
for microalgae production and areas of cultivated agricultural/silvicultural species (including their
residues) with energy potential. To our knowledge, no such studies have merged these three types
of biomass in the same work. Moreover, in the construction of those maps, the focus will be on the
cultivation of energy crops and microalgae production with low indirect land-use change-risk, taking
into account also its sustainable use (environmental, social and economical).

2. Materials and Methods

The database for georeferenced mapping of the mainland territory, to evaluate areas of
potential interest for the cultivation of energy crops, microalgae, as well as to map the cultivated
agricultural/silvicultural species (including their residues), was created with ArcGIS software, a tool
for GIS.
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The applied methodology was:

• To select the energy crops to implement in the mainland Portugal;
• To search which types of soils are of interest and present a low ILUC (indirect land-use change) risk;
• To search and download all colletected maps finded in shapefile or raster format from official

websites of Portuguese Institutions like Agência Portuguesa do Ambiente (APA), Instituto Superior
de Agronomia da Universidade de Lisboa (ISA-UL), Instituto da Conservação da Natureza e das
Florestas (ICNF), Empresa de Desenvolvimento Mineiro (EDM) and European Institutions too as
the European Environment Agency (EEA);

• To create the georeferenced databases on ArcGIS, an ArcMAP document (tool of ArcGIS software)
has to be created for each chosen culture, introducing only the selected maps for specif properties
and/or attributes of interest such as temperature, precipitation, frost, land steepness, soil texture,
soil pH, soil thickness, presence of physical obstacles, ecological soil value, current permeability,
natural and semi-natural vegetation with conservation value, soil-morphological aptitude to
irrigated agriculture and silviculture, soil susceptibility to desertification, protected areas, land
use and land cover (COS 2010 and COS 2015), corine land cover (CLC 2012), contaminated soils,
wastewater treatment plant capacity, CO2 production in the energy and industrial sectors in
mainland Portugal, among others. Bearing in mind the characteristics of growth and adaptation
of each culture combined with the intersection of all maps, output data have been obtained
suggesting available and appropriate areas for the cultivation of each culture. The productivity
forecasting and predicted bioenergy generation are presented and critically discussed;

• Lastly, the publication on Laboratório Nacional de Energia e Geologia–LNEG´s spatial data
infrastructure, i.e., institutional geoportal of energy and geology, to access all the created maps
and related information.

Figure 1 represents a summary of the applied methodology.

Figure 1. Applied methodology to determine suitable areas for the implementation of energy crops.

Each of one the phases specified in Figure 1 are described in more detail in the
following sub-chapters.
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2.1. Selected Energy Crops and Microalgae Culture

Energy crops are species intended for biomass production for subsequent generation of energy in
the form of biofuels, electricity or heat. These are species that should not compete with those used for
food and feed (maize, cereals and tubers, among others) and, therefore, should not be cultivated on
high carbon or agricultural land. These crops should be mainly non-food and lignocellulosic species
for the production of 2nd-generation fuels [7], which can be divided in two groups:

• Herbaceous crops: perennial crops which can last for 15 years or longer, being usually harvested
annualy. Within this category are species such as switchgrass (Panicum virgatum), reed canary
grass (Phalaris arundinacea), giant reed (Arundo donax) [7], perennial ryegrass (Lolium perenne) as
well as cardoon (Cynara cardunculus) and miscanthus (Miscanthus x giganteus) [8];

• Short-rotation coppice: fast-growing woody species that have a short cycle, being cut and
regenerated every three to five years to a total of 25 years, with the idea of obtaining high yields
in a short time for energy production. Among the species classified within this criterion are
eucaliptus (Eucaliptus spp.), willow (Salix spp.), poplar (Populus spp.) [7], among others. paulownia
(Paulownia tomentosa) may also be included as a short-cycle species.

The energy crops selected (and also microalgae cultures) and evaluated in the frame of the
CONVERTE Project are listed below, explaining the rationale for this selection according to their
characteristics, advantages and benefits for the bioenergy production.

2.1.1. Cardoon (Cynara cardunculus)

Cardoon is a perennial and herbaceous plant with a productive life of 10 years (in some cases
attaining 15 years) and an annual growing cycle. In the Mediterranean region, the crop presents
a productivity of 10 t/ha dry matter (DM) in the first year and between 12 to 15 t/ha DM from
the second year, being easily adapted to a wide range of climatic variations [9]. The cardoon is
a species native of the Mediterranean basin, that support the drought stress, it can be grown in
drylands, being defined as a multifunctional crop due to its characteristics that allow its use for
several options, e.g., energy production in the form of biofuels, heat and power, cellulose and pulp
and paper, phytochemicals and pharmacological products, among others [10,11]. The cardoon seeds
composition presents nearly 24% (dry mass basis) of oil and 5.6% of water. Seeds have been traditionally
considered a feedstock for biodiesel production [10]. Moreover, cardoon has shown a low impact on
the environment, in the marginal soils of the Mediterranean region, particularly in certain parameters
such as landscape diversity, cause of the flowering season, and use of water resources, due to the low
water requirements [12]. In addition, cardoon can be irrigated with wastewater to avoid yield drop
due to water stress, as it has been tested in a plantation located in Alcázar de San Juan in Spain [13]. In
this study it was concluded that no effects were perceived on the energy outputs when cardoon was
irrigated with wastewater.

Therefore, this crop was chosen for the study, not only because of its multiple uses but also due to
its capacity to support the dry characteristics of the Portuguese summers.

2.1.2. Miscanthus (Miscanthus x giganteus)

Miscanthus is an herbaceous perennial C4 plant, native from East Asia, and long-lasting non-food
crop. It is able to reach 3 m of height and produces between 20 to 30 t/ha of dry matter, in Portugal,
performing best with a precipitation between 500 and 600 mm per year [9]. The following characteristics
have promoted this crop as a sustainable energy crop:

• It can be cropped with the existing machinery;
• It requires low levels of fertilizers and presents high levels of carbon sequestration rates when

compared with other species;
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• The nitrogen and other nutrients are translocated to the roots and rhizomes, when the crop starts
to lignify, thus presenting a high nutrient-use efficiency;

• It is a species that has a low incidence of plant disease and attack of pests, being considered a
non-invasive plant, factor that allows plantation and utilization for energy;

• It is a species that adapt easily to various types of soils including marginal land [14].

In the last few years, miscanthus has shown a high potential concerning its implementation in
marginal land and degraded and contaminated soils. A study was reported in which various miscanthus
genotypes (M. x giganteus, M. sinensis and M. floridulus) were evaluated in a soil contaminated with 450
and 900 mg de zinc (Zn)/kg, over two years. In the contaminated soil, the M. sinensis and M. floridulus
did not present changes in yields but in the case of M. x giganteus, the production was 20% lower.
However, this last genotype presented, even in the contaminated soils, higher yields than the other
two species [15]. Moreover, the deep and extensive rooting system of the plant allows this crop to be
irrigated with wastewater with success, since the growth and productivity of the species were not
affected and the polluting elements were removed from the wastewater by the plants, indicating that
this might represent a solution for its cultivation in semi-arid regions with a high scarcity of water [16],
such as those of the Mediterranean Region.

Several technologies can be applied to the miscanthus for energy production: heat, electricity
or both (combined heat and power, CHP) through combustion in cogeneration systems (its most
widespread application in Europe); biogas and bioethanol production [17].

Consequently, miscanthus can be considered a promising crop in mainland Portugal, not only due
to the high yields but also due to the lower fertilizer and pesticide requirements. Moreover, the crop
presents a good tolerance to a variety of soils, including marginal, contaminated and degraded areas.
The major drawback of this crop is the annual water demand which is above 500 mm per year [18,19].

2.1.3. Paulownia (Paulownia tomentosa)

Paulownia tomentosa is a large deciduous hardwood and fast growing tree that is native from
China [20]. Paulownia species are found naturally growing and under cultivated conditions at several
regions of the world. It quickly spreaded to other parts of Asia, being cultivated in particular in Japan
and Korea. Presently, it can also be found mainly in central Europe, north and central America, and
Australia. Its main uses are industrial applications of the wood, due to its high ignition point, as well
as to its dimensional stability and life time maintenance its characteristics [21].

Paulownia tomentosa is widely studied and utilized for the rehabilitation of contaminated soils
and abandoned agricultural soils with low water needs, adapting itself to a great variety of climatic
conditions and diversity of soils. It helps, too, in soil recuperation and stabilization including erosion
control [22]. In Portugal, the Government recommends its afforestation in “Annex II-Non-indigenous
species with interest for afforestation” of Decree-Law n. ◦ 565/99, being a non-indigenous species, with
non-invasive character [23]. Concerning the growth, it was found that in a period of only 5–7 years
after planting 2000 trees/ha under favorable conditions a significant annual production of 150–300 tons
of wood was achieved [24]. Due to its high cellulose content, paulownia has shown its feasibility for
use in the pulp industry and in lignin applications, combining both delignification and auto hydrolysis
processes [25,26]. A wood analysis showed a composition of 50.55% cellulose, 13.6% hemicellulose,
21.36% lignin, 14% extractable and only 0.49% ash [27]. The energetic valorization of paulownia may
be through its direct use as solid biomass for the production of heat and electricity or as a raw material
to second generation advanced biofuels, such as bioethanol [28,29]. For those reasons, paulownia was
included in this list of options for bioenergy in Portugal.

2.1.4. Microalgae Culture

Microalgae are single-cell photosynthetic micro-organisms mainly found (but not only) in
aquatic environments. These organisms are able to synthetise important amounts of lipids, proteins,
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carbohydrates as well as other compounds with biological activity in a very short timeframe from three
basic ingredients: solar radiation, carbon dioxide (CO2) and fertilizers/nutrient-rich water. Microalgae
have been reported over a long time to be very important in the biofixation and storage of CO2, as a
way to neutralize the huge production and release of greenhouse gases (GHG) worldwide, derived
from the enormous use of fossil fuels at various scales, including the industrial sector. The several
benefits of microalgae biomass as a feedstock for biofuel production compared to traditional biomass
resources are listed as follows:

• Microalgae have a fast growth rate (short biomass duplication time) compared to land-based
crops and could be harvested the whole year, even daily. They are able to double their biomass in
less than 24 h. Remarkably, some species can even double their biomass in periods shorter than
3.5 h [30];

• The photosynthetic machinery in microalgae is analogous to higher plants, but present a higher
photosynthetic efficiency (about 4–7.5%) compared to 0.5% for land-based cultures [31];

• Microalgae cultivation requires less water and land resources than terrestrial crops. Water quality
and salinity do not create any problems, it being possible to use brackish, sea or freshwater and
non-arable land (even rocky and/or sandy areas) minimizing the environmental impacts, while
not compromising the production of food crops [32], even very steep land is not a problem as
photobioreactors can be tilted at any angle or even placed vertically;

• Microalgae can obtain nutrients (such as nitrogen and phosphorus) from wastewater, while
providing treatment to domestic, food and agro-industrial effluents among others [32];

• Microalgae are able of biofixing CO2 from the atmosphere, but may also utilize anthropogenic
CO2 emissions from power stations and other industries. Typically, 1 kg of microalgae is produced
from the biofixation of, at least, 1.83 kg of CO2 [31];

• Microalgae biomass can be converted into a wide range of valued products such as food, feed,
nutraceuticals, cosmetics, and fuels such as biodiesel, gasoline, jet fuel, hydrogen, aviation gas,
and bioethanol, among others. The leftover biomass may be recycled to be further used as feed or
fertilizer [31];

• The microalgal biochemical composition can be changed simply through the variation
(manipulation) of culture conditions [32].

Different microalgae were previously studied concerning their biofuel production potential. The
conversion route and technology depend on different parameters such as the biomass composition,
selected biofuel product, operating conditions, process time and production cost, in order to assure
either economically viability or environmental sustainability.

Tables 1 and 2 resumes the main characteristics of each type of selected and studied biomass
(including microalgae).

32



Energies 2020, 13, 937

T
a

b
le

1
.

C
ul

ti
va

ti
on

pa
ra

m
et

er
s

of
th

e
se

le
ct

ed
an

d
st

ud
ie

d
bi

om
as

se
s

(i
nc

lu
di

ng
m

ic
ro

al
ga

e)
.

B
io

m
a
ss

B
in

o
m

ia
l

N
a
m

e
S

p
e
ci

e
s

a
n

d
C

u
lt

u
re

T
y

p
e

P
ro

d
u

ct
iv

it
y
/Y

ie
ld

G
ro

w
th

R
a
te

H
a
rv

e
st

N
u

m
b

e
r

o
f

H
a
rv

e
st

s/
Y

e
a
r

C
ar

do
on

C
yn

ar
a

ca
rd

un
cu

lu
s

H
er

ba
ce

ou
s

(l
ig

no
ce

llu
lo

si
c

an
d

ol
ea

gi
no

us
ty

pe
)

10
to

25
t/y

ea
r,

w
it

h
50

0
m

m
/y

ea
r

ra
in

fa
ll

in
th

e
M

ed
it

er
ra

ne
an

R
eg

io
n

[3
3]

.I
n

th
e

1s
ty

ea
r,

it
is

po
ss

ib
le

to
ob

ta
in

10
t(

dr
y

m
at

te
r)
/h

a
an

d
in

th
e

2n
d

ye
ar

,
12

–1
5

t(
dr

y
m

at
te

r)
/h

a
w

it
h

40
0

an
d

55
0

m
m
/y

ea
r

of
ra

in
fa

ll
du

ri
ng

th
e

ve
ge

ta
ti

ve
pe

ri
od

[9
]

Li
fe

sp
an

fr
om

10
to

15
ye

ar
s

[3
3]

an
d

cr
op

he
ig

ht
up

to
2

m
[9

]

H
ar

ve
st

oc
cu

rs
be

tw
ee

n
Ju

ly
an

d
Se

pt
em

be
r,

w
it

h
m

oi
st

ur
e

in
be

tw
ee

n
10

%
an

d
15

%
an

d
be

fo
re

se
ed

di
ss

em
in

at
io

n
[3

3]

1
[3

3]

M
is

ca
nt

hu
s

M
is

ca
nt

hu
s

x
gi

ga
nt

eu
s

H
er

ba
ce

ou
s

(l
ig

no
ce

llu
lo

si
c

ty
pe

)

Fr
om

15
[3

4]
to

30
t/h

a
of

dr
y

m
at

te
r,

w
it

h
pr

ec
ip

it
at

io
n

hi
gh

er
th

an
50

0
m

m
/y

ea
r

[1
8]

Li
fe

sp
an

be
tw

ee
n

10
an

d
15

ye
ar

s
(i

n
so

m
e

ca
se

s
ca

n
re

ac
h

up
to

20
ye

ar
s

[9
])

ac
hi

ev
in

g
m

at
ur

it
y

af
te

r
2

or
3

ye
ar

s.
Th

e
st

em
s

in
th

e
1s

t
ye

ar
,w

it
h

fa
vo

ra
bl

e
su

m
m

er
te

m
pe

ra
tu

re
s,

re
ac

h
a

he
ig

ht
of

1.
5

to
2

m
(s

om
et

im
es

up
to

3
m

[9
])

,
w

it
h

hi
gh

er
yi

el
ds

in
So

ut
he

rn
Eu

ro
pe

(w
at

er
ca

nn
ot

be
a

lim
it

in
g

fa
ct

or
)[

18
]

R
hi

zo
m

es
ar

e
pl

an
te

d
be

tw
ee

n
m

ar
ch

an
d

m
ay

(in
Eu

ro
pe

an
d

de
pe

nd
in

g
on

th
e

w
ea

th
er

).
H

ar
ve

st
in

g
is

pe
rf

or
m

ed
w

he
n

th
e

dr
y

m
at

te
r

co
nt

en
ti

s
hi

gh
[1

8]
(u

su
al

ly
in

au
tu

m
n

[3
4]

or
en

d
of

w
in

te
r)

[1
8]

1
[1

8]

Pa
ul

ow
ni

a
Pa

ul
ow

ni
a

to
m

en
to

sa
W

oo
dy

(l
ig

no
ce

llu
lo

si
c

ty
pe

)

35
to

45
t/h

a/
ye

ar
(3

0%
m

oi
st

ur
e)

w
it

h
m

in
im

um
pr

ec
ip

it
at

io
n

of
50

0
m

m
/y

ea
r.

Pl
an

ti
ng

de
ns

it
y

is
on

av
er

ag
e

16
00

tr
ee

s/
ha

[2
2]

It
is

po
ss

ib
le

to
re

ac
h

a
he

ig
ht

of
20

m
in

ro
ta

ti
on

cy
cl

es
of

4
an

d
5

ye
ar

s
[2

2]
-

-

M
ic

ro
al

ga
e

-
A

qu
eo

us
m

ed
iu

m
55

t/
ha

ye
ar

(c
on

se
rv

at
iv

e)
A

ch
ie

va
bl

e
bi

om
as

s
do

ub
lin

g
ti

m
e

of
7h

fo
r

m
as

s
cu

lt
ur

e
D

ai
ly

36
5

33



Energies 2020, 13, 937

T
a

b
le

2
.

O
pt

im
al

co
nd

it
io

ns
fo

r
th

e
cu

lt
iv

at
io

n
of

th
e

se
le

ct
ed

an
d

st
ud

ie
d

bi
om

as
se

s
(i

nc
lu

di
ng

m
ic

ro
al

ga
e)

.

B
io

m
a
ss

In
so

la
ti

o
n

P
re

ci
p

it
a
ti

o
n

T
e
m

p
e
ra

tu
re

L
a
n

d
S

te
e
p

n
e
ss

S
o

il
T

y
p

e
W

e
a
th

e
r

L
im

it
a
ti

o
n

s
o

r
o

th
e
r

A
sp

e
ct

s

C
ar

do
on

-
Th

e
hi

gh
es

td
em

an
d

of
w

at
er

(p
re

ci
pi

ta
tio

n
hi

gh
er

th
an

45
0

m
m

)
is

fr
om

au
tu

m
n

un
ti

l
ea

rl
y

sp
ri

ng
[3

5]
,

th
er

ef
or

e,
it

ca
n

gr
ow

th
in

dr
y

ar
ea

s
[3

4]
.H

ow
ev

er
,w

it
h

lo
w

er
ra

in
fa

ll,
a

de
cr

ea
se

in
pr

od
uc

ti
vi

ty
is

ob
se

rv
ed

[3
5]

It
su

pp
or

ts
te

m
pe

ra
tu

re
s

do
w

n
to
−5
◦ C

,a
s

lo
ng

as
it

ha
s

de
ve

lo
pe

d
fo

ur
le

av
es

[3
3]

Th
e

m
ax

im
um

va
lu

e
be

tw
ee

n
8

an
d

15
%

[3
6]

It
su

pp
or

ts
pH

ab
ov

e
6

in
th

e
so

il.
Pr

ef
er

en
ce

fo
r

w
el

l
dr

ai
ne

d
de

ep
so

ils
,w

it
h

w
at

er
re

te
nt

io
n

in
th

e
su

bs
oi

l
be

tw
ee

n
1

an
d

3
m

[3
3]

.I
ti

s
a

lit
tl

e
se

ns
it

iv
e

to
st

on
y

co
nd

it
io

ns
[3

5]

W
in

te
r

fr
os

tc
au

se
s

le
af

de
at

h,
ho

w
ev

er
,i

ts
ur

vi
ve

s
an

d
re

co
ve

rs
as

so
on

th
is

pe
ri

od
en

ds
.R

eq
ui

re
s

w
at

er
(i

n
th

e
M

ed
it

er
ra

ne
an

)i
n

th
e

la
te

sp
ri

ng
[3

3]
.I

ti
sn

´t
ve

ry
ex

ig
en

t
in

re
la

ti
on

to
th

e
ty

pe
of

so
il

an
d

w
at

er
.I

tr
eq

ui
re

s
hi

gh
te

m
pe

ra
tu

re
cl

im
at

e
[3

4]

M
is

ca
nt

hu
s

-
It

pr
es

en
ts

m
od

er
at

e
ne

ed
s,

th
er

ef
or

e,
ra

in
fa

ll
ha

s
to

ex
ce

ed
50

0
m

m
[1

8]

It
ca

n
gr

ow
w

it
h

so
il

te
m

pe
ra

tu
re

ab
ov

e
8
◦ C

.
N

eg
at

iv
e

te
m

pe
ra

tu
re

s
ca

n
ca

us
e

rh
iz

om
es

de
at

h
[1

8]

Th
e

m
ax

im
um

va
lu

e
be

tw
ee

n
8

an
d

15
%

[3
6]

O
pt

im
um

pH
be

tw
ee

n
5.

5
an

d
7.

5.
Sa

nd
y

so
ils

:m
ax

im
um

pr
od

uc
tiv

ity
at

ta
in

ed
in

3
ye

ar
s.

Lo
am

y
or

cl
ay

so
ils

:h
ig

he
r

yi
el

ds
ob

ta
in

ed
af

te
r

5
ye

ar
s.

Pr
ef

er
en

ce
fo

r
lo

am
y-

sa
nd

y
so

ils
(u

p
to

10
%

cl
ay

,
w

el
l-

ae
ra

te
d

an
d

w
it

h
hi

gh
w

at
er

re
te

nt
io

n
ca

pa
ci

ty
)w

it
h

hi
gh

or
ga

ni
c

m
at

te
r

co
nt

en
t

[1
8]

-

Pa
ul

ow
ni

a
-

It
re

qu
ir

es
m

in
im

um
av

er
ag

e
pr

ec
ip

it
at

io
n

of
50

0
m

m
[2

2]

It
su

pp
or

ts
co

ld
ve

ry
w

el
l

(d
ow

n
to
−1

7
◦ C

)a
nd

he
at

(u
p

to
45
◦ C

)[
22

]

It
st

an
ds

sl
op

e
up

to
25

%
[2

2]
It

re
qu

ir
es

a
so

il
pH

of
5.

5
to

8.
Pr

ef
er

s
w

el
l-

dr
ai

ne
d

so
ils

,w
it

h
w

at
er

ta
bl

e
hi

gh
er

th
an

2
or

2.
5

m
an

d
no

tv
er

y
cl

ay
ey

.I
t

ad
ap

ts
to

a
gr

ea
tv

ar
ie

ty
of

cl
im

at
es

an
d

so
ils

an
d

re
si

st
s

m
od

er
at

el
y

pe
ri

od
s

of
dr

yn
es

s
be

tw
ee

n
th

e
1s

ta
nd

2n
d

ye
ar

[2
2]

It
re

si
st

s
fir

es
ve

ry
w

el
l,

be
in

g
a

sp
ec

ie
s

fr
ee

fr
om

pe
st

s
an

d
di

se
as

es
[2

2]

M
ic

ro
al

ga
e

El
ev

at
ed

N
ot

re
le

va
nt

a
Fr

om
10

to
40
◦ C

-
N

ot
re

le
va

nt
a

N
ot

re
le

va
nt

a

a
Th

e
m

ic
ro

al
ga

e
ar

e
ab

le
to

be
m

as
s

pr
od

uc
ed

at
co

nfi
ne

d
ph

ot
ob

io
re

ac
to

rs
pl

ac
ed

ov
er

la
nd

w
it

h
an

y
w

at
er

re
ga

rd
le

ss
th

e
qu

al
it

y.

34



Energies 2020, 13, 937

The use of energy crops and microalgae for bioenergy presents some opportunities for rural areas,
such as employment generation, land recuperation from an abandonment state, rural development
especially of isolated regions, increased income for farmers and economic benefits for companies or
entities with an interest in developing or using these species for the production of bioenergy. Yet,
implementation of these biomasses can also lead to some constraints. For this reason, some steps have
to be taken before implementation of such projects:

• To study the areas where the species will be cultivated, so as not to generate negative impacts;
• To analyze specific areas considered sensitive within the zones of interest as a form of protection;

To study the possibility of the implementation of crops in an intercalated form of species with
different ages or of several other typologies, given the rotation of these, and avoid extensive use and
massive soil damage.

2.2. Low Indirect Land-Use Change (ILUC) Risk Soils

Low indirect land-use change (ILUC) risk soils refers to areas that can be considered for the
implementation of dedicated energy crops [7], once the soils present a low quality for food and feed
species, caused by a multitude of natural or human factors. There is a wide diversity of soils considered
to be at low ILUC risk such as contaminated soils, wasted land, devastated land, moderate and highly
degraded soils, abandoned land such as pasture or arable soils, marginal and fallow lands [37], all of
which are suitable for the implementation of energy crops or microalgae for bioenergy production.
Wastes from farmland species and from food and feed species can also be harnessed for energy
production. Fertility and productivity are different for each soil type, as shown in Figure 2.

 
Figure 2. Low indirect land-use change (ILUC) risk soils for biomass and biofuels production. X axis
refers to increasing biomass (bioenergy) productivity potential. The red vertical dash line separates
bad (low) and fairly good (moderately high) quality lands (Adapted from [37]).

Based on the literature, the more studied soils that represent low ILUC risk are the degraded,
marginal and contaminated soils, which according to their properties meet the sustainability
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requirements. With the objective of implementing the energy crops previously mentioned in this type
of soils for to reduce the risk of land use conflicts due to competition for food and feed, that they can
bring additional revenue to land owners, thus contributing positively to economic growth. These three
types of soils were then evaluated and selected in this study, being described below:

• Degraded land: areas that suffer from a continuous deterioration process that can be caused
naturally where lands with high carbon-laden are converted to dry land, causing changes in the
physical, chemical and biological characteristics of the soil, reducing soil quality and causing
severe erosion, namely, nutrient loss, soil infiltration problems [7] and wind erosion. Degradation
can also occur by human action that generates progressive and continuous soil depletion causing
biological and economic loss by decreasing the value of the land [38].

Considering the aforementioned definition, it can be confirmed that desertification is a state of
the soil that is associated with degraded land and is characterized by very dry areas (dry sub-humid,
arid and semi-arid) that reach this state for environmental or human reasons [39], being a factor that
depending on the zone, is gradually increasing. Desertification causes alteration and destruction of
ecosystems and increases the presence of invasive species, with loss of suitable areas for agriculture
and decreased groundwater [40].

In this study, soil affected by natural factors that cause desertification [41] of these areas will be
considered degraded;

• Contaminated soil: land with high concentrations of pollutants such as asbestos, gold, tin and
tungsten, polymetallic, coal, base metals, iron and manganese, radioactive, among others [42],
caused by human action, namely, in industrialized areas, intensively applied agriculture [7] and
in areas where mining has occurred for a certain period of time.

Currently, in Portugal, two types of situations are identified in contaminated areas. In the first
case the area remains contaminated without any possible use, becoming an abandoned area and in the
second case, the recovery and valorization of this area is being accomplished, by companies, such as
EDM, that have to monitor and control the recovery process along and after the application of gradual
remediation methods [8]. The recovery process may take years to complete land reclamation, either for
agriculture, recreational areas or residential areas.

Contaminated soils are also considered degraded soils [7]. However, in this study, degraded
(desertified) and contaminated areas will be assessed separately. The areas massively exploited by
human activity as mining areas characterized by the presence of heavy metals [42] were considered as
contaminated soils;

• Marginal areas: although there is no clear and accurate concept of this type of soil [8], the APEC
(Asia-Pacific Economic) Energy Working Group report presents a very broad definition of these
areas which are characterized by poor weather conditions (low rainfall and high temperatures)
and very poor soil physical-chemical characteristics (low quality and with physical constraints
such as mountainous, extremely dry areas, saline, drenched, glacial and rocky areas) [43].

Based on data found in the literature, the saline soils are considered marginal, therefore, areas
with moderate and high concentrations of saline elements are inadequate for the implementation of
food crops [7]. The term salinization refers to areas with low precipitation and high evapotranspiration
that causes salt accumulation making it impossible to wash on the soil surface. These areas can be
found in the coastal part of the territory [8]. Much of the marginal land could be used for agriculture
due to the quality and type of soil, however, many of them, are found in high zones, with high slopes,
hard-to-reach areas or abandoned land, that are no longer used for this purpose [8] and now are
considered suitable for other purposes such as the implementation of energy crops. For these reasons,
in this study, we consider as marginal lands the pasture areas such as natural herbaceous vegetation,
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areas with dense, light dense undergrowth, dense and dense sclerophyte vegetation, other woody
formations and, lastly, areas related to uncovered spaces or with sparse vegetation [44].

Based on a report by the 2014 Joint Research Center that presents an analysis of the extent of
degraded areas in European Union (EU) countries, it can be stated that in the case of Portugal, the
contaminated land has the largest area of the three types of soils presented above. The total extent of
these areas is 2318 kha of which 12.3% represents highly saline soils (marginal land); 33.8% are areas
with severe erosion (degraded areas) and the remaining, 53.9%, are contaminated soils. This document
also identifies an area of 93 kha that will be available in Portugal by 2050 for the implementation of
energy crops, but this implies the conversion of 19% arable and 44% forested areas in these lands [7].
According to the European Court of Auditors of 2018, 8% of EU territory which includes countries such
as Bulgaria, Cyprus, Greece, Italy, Spain and Portugal, have areas with very high values highly sensitive
to desertification (degraded soils), causing a decrease in land use for the agricultural sector [45].

2.3. Colleted Maps

In order to obtain the appropriate areas for the crops implementation, it was necessary to compile
as many data or factors as possible, according to information available from various sources, mainly
on official websites of Portuguese and European institutions. The administrative maps of the territory
and those related to land use and occupation provided by DGT have been considered; environmental
aspects such as temperature, precipitation, sunshine and frost provided by APA, including the map
created with CO2 production in each municipality; various ecological factors of soil and subsoil
and the edapho-morphological aptitude for agriculture and forestry of the Ecological Planning,
Investigation and Cartography - EPIC WebGIS platform (ISA-UL); protected areas and soils susceptible
to desertification from ICNF; contaminated soils based on the mining areas managed by EDM and the
capacity and treatment applied in the wastewater treatment plants (WWTPs) in mainland Portugal,
according to the EEA platform, each factor being considered a spatial thematic layer.

In the Supplementary Materials, each considered map will be described as well as the selected
data for every species, considering the listed characteristics in Tables 1 and 2.

3. Results and Discussions

Figure 3 shows a scheme summarizing the results that are of interest in this study.

 

Figure 3. Summary of the results that are of interest in this study.
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3.1. Georreferenced Databases on ArcGIS

An infrastructure of spatial data was developed in order to facilitate the exchange and the use
of the information among all of the beneficiary agents, with visualization and consultation through
the web.

Several maps were created corresponding to scenarios from the most restrictive to the most
comprehensive for each species, being these related to the suitable areas for the implementation of the
respectives crops, detailed below.

3.1.1. Suitable Areas/Soils to the Cardoon, Miscanthus and Paulownia Cultivation

• 1st Scenario

The map presents the smallest suitable area for cardoon, miscanthus and paulownia in
mainland Portugal, since it corresponds to the more restrictive data selection, namely, conditions and
characteristics of the less appropriate soil or more penalizing in the maps of “Ecological Soil Value”,
“Current Permeability”, “Natural and semi-natural vegetation with conservation value” and “Soil
susceptibility to desertification”. The map of “Soil-morphological aptitude to irrigated agriculture”
was applied only to cardoon and miscanthus and in the case of paulowinia, it utilized the data of
“Soil-morphological aptitude to silviculture”. All these maps represents in consequence, inadequate
areas for the cultivation of agricultural species.

For the cardoon, miscanthus and paulownia, the parameters related to “Temperature”,
“Precipitation (total amount)”, “Frost (number of days of the year)”, “Land steepness” (to the
miscanthus were not considered due to the low area that was obtained), “Soil texture”, “Soil pH” and
“Soil thickness” were obtained from several sources.

Concerning the data of the “COS 2010”, “CLC 2012” and “COS 2015”, the areas that have not been
identified as artificialized territories, cultivated areas for agricultural and forestry species, wetlands
and water bodies were selected, with the areas considered as marginal soils, due to their suitability for
non-food crops, remaining of interest.

• 2nd Scenario

Cardoon: the same maps identified in the 1st Scenario were considered, being added only one
more parameter in the following maps (in brackets the value added is specified): “Ecological Soil
Value” [Variable (E.V 3)], “Current Permeability” (Moderate-Class 3), “Natural and semi-natural
vegetation with conservation value” (Moderate), “Soil-morphological aptitude to irrigated agriculture”
(Moderate-4.5%) and “Soil susceptibility to desertification” (2-Moderate), in order to guarantee a wider
area compared to the area previously obtained in the 1st Scenario.

Miscanthus: the same maps identified in the 1st Scenario, but incorporating a few parameters in
the following maps (in brackets the added valueis specified): “Ecological Soil Value” [Variable (E.V 3)],
“Current Permeability” (Low to Moderate-Class 2 and Moderate-Class 3), “Natural and semi-natural
vegetation with conservation value” (Moderate), “Soil-morphological aptitude to irrigated agriculture”
(Moderate-4.5%) and “Soil susceptibility to desertification” (2-Moderate), to obtain a wider area than
the 1st Scenario.

Paulownia: the same maps identified for the 1st Scenario were considered, adding only one more
parameter in the following maps (in brackets is specified the added value): “Ecological Soil Value”
[Variable (E.V 3)], “Current Permeability” (Moderate-Class 3), “Natural and semi-natural vegetation
with conservation value” (Moderate), “Soil-morphological aptitude to silviculture” (Undifferentiated
silviculture-20.3%)] and “Soil susceptibility to desertification” (2-Moderate), in order to ensure a wider
area when compared to that obtained for the 1st Scenario.

• 3rd Scenario
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Cardoon: the same maps of the 2nd Scenario were considered, adding only a few values in the
“Temperature” map (equal or superior to 0 ◦C), “Precipitation” (equal or superior to 400 mm/year),
“Soil texture” [Coarse (more than 35% clay, or less 35% clay and less than 15% sand)] and “Soil pH”
(4.5 to 5.0; 5.0 to 5.5; 5.5 to 6.0; 4.5 to 6.0).

This methodology was applied in order to compare the edapho-climatic characteristics previously
consulted and initially selected as adequate for the cardoon growth, with other data presented on the
website www.cabi.org that corresponds to a “Directory of Invasive Species” with detailed information
about the most important characteristics of the cardoon [46].

Miscanthus: the same maps of the 2nd Scenario were considered, adding only one value in the
map of “Soil pH” (4.5 to 5.0) and “Soil thickness” (25–50 cm) to evaluate how they can affect the areas
suggested for miscanthus cultivation.

Paulownia: the same maps of the 2nd Scenario were considered, changing only the “Soil pH”
map, being added the next values 4.5 to 5.0; 5.0 to 5.5 and removed the following 7.5 to 8.0; ≥7.5,
therefore, the pH parameters on the map are between 4.5 and 7.5.

This scenario was established to compare initially selected and consulted edapho-climatic
characteristics for the paulownia planting, with other data presented on the Centre for Agriculture and
Bioscience International—CABI website [47].

• 4th Scenario

For the cardoon and miscanthus the same maps of the 2nd Scenario were considered, with the
exception of the “Natural and semi-natural vegetation with conservation value” map and those related
to the “COS 2010”, “CLC 2012” and “COS 2015” not considered at the intersection as it presents a
smaller number of data, limiting the area obtained as suitable for the cultivation of this crops. In the
case of paulownia, the same as the two crops occurs but with the difference that the map of “Natural
and semi-natural vegetation with conservation value” was considered.

In Table 3 all the data considered to obtain the adequate areas for the implementation of cardoon,
miscanthus and paulownia in mainland Portugal are presented.

In Figure 4 the 4 scenarios created for the cardoon are shown, being visible the evolution and
difference of the area obtained in each case.

The 4 scenarios created for miscanthus are identified in Figure 5, showing the evolution and
difference of the area obtained in each case.

In Figure 6, the 4 scenarios created from paulownia are identified, showing the evolution and
difference of the area obtained in each case.
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(d) (c) 

(b) (a) 

Figure 4. Scenarios displaying the adequate areas for cardoon cultivation: (a) 1st scenario; (b) 2nd
scenario; (c) 3rd scenario; (d) 4th scenario.
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(a) (b) 

(c) (d) 

Figure 5. Scenarios presenting the suggested areas for miscanthus cultivation: (a) 1st scenario; (b) 2nd
scenario; (c) 3rd scenario; (d) 4th scenario.
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(a) (b) 

(c) (d) 

Figure 6. Scenarios with the suitable areas for paulownia cultivation: (a) 1st scenario; (b) 2nd scenario;
(c) 3rd scenario; (d) 4th scenario.
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3.1.2. Suitable Areas/Soils for Microalgae Cultivation

• 1st Scenario

Only for the microalgae case the map designated as “Presence of physical obstacles” was
considered, with mostly stony areas, which means unsuitable areas for cultures of other species
besides microalgae. This map, as well as those relating to “Insolation”, “Temperature” and “Land
steepness” (obtained from the same source) and those of “Municipalities of mainland Portugal with
CO2 production in the energy and industrial sector” were considered for all scenarios.

Regarding the “COS 2010” and “CLC 2012”, only those areas identified as bare rock were selected.
The “COS 2015” was not included because this criterion was not considered on the map.

The protected areas were considered, since it is unknown if it is possible or not to use these zones
for the development of microalgae.

• 2nd Scenario

The same maps identified in the 1st Scenario were considered, not including the protected areas,
to verify in what extent this factor can affect the appropriate area for the development of microalgae.

• 3rd Scenario

The same maps identified in the 2nd Scenario were considered, without the parameter’s integration
of the “COS 2010” and “CLC 2012”.

• 4th Scenario

The same maps identified in the 3rd Scenario were considered, without including the protected
areas, to verify how the suggested area for the development of microalgae could be affected.

All considered maps and data to obtain the appropriate areas for the implementation of microalgae
in mainland Portugal are shown in Table 4.

The 4 created scenarios for the microalgae culture are identified in Figure 7, showing the similarity
of the area obtained in all cases.
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(a) (b) 

(c) (d) 

Figure 7. Scenarios with the appropriate areas for the microalgae: (a) 1st scenario; (b) 2nd scenario;
(c) 3rd scenario; (d) 4th scenario.
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3.1.3. Cultivated Crops (Agricultural/Silviculture) and their Residues with Potential Interest for
Portuguese Inland Territory

• 1st Scenario

The map presents the areas constituted by the cultivated species identified in the “COS 2010”,
the “CLC 2012” and the “COS 2015”, which do not belong to the categories of artificialized territories,
pastures, open spaces or sparse vegetation, wetlands and water bodies. Also, the protected areas were
not considered, with the entire obtained area being presented in a single map.

• 2nd Scenario

The same maps identified in the 1st Scenario were considered, including protected areas, to
evaluate the effect of alteration of the area occupied by cultivated species, with all parameters being
represented in one map.

• 3rd Scenario

Three maps with the same data identified in the 2nd Scenario have been created: a map with all
the cultivated areas of the “COS 2010”, another map with the represented parameters in “CLC 2012”
and a last map, with the identified data in the “COS 2015”. These maps are only for know of cultivated
area with agricultural and silvicultural species in each map of mainland Portugal.

Table 5 presents all the maps and data considered to obtain the areas with agricultural and forestry
species cultivated in mainland Portugal.

In Figure 8, the first and second scenario created for agricultural and forestry species grown in
mainland Portugal are identified.

Figure 9 represents the third scenario with the 3 created maps, namely, with the agricultural and
forestry species grown only for “COS 2010”, “CLC 2012” and “COS 2015”.
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3.1.4. Estimated Production of Energy Crops

Considering the areas obtained for each created scenario with the suggested zones for the
cultivation of energy crops and the implementation of microalgae crops, and bearing in mind the
realistic yield data found in the literature, it is possible to estimate the production values theoretically
for each species and scenario. From this starting point, Table 6 presents the value of the areas obtained
(according to ArcGIS software), as well as the percentage of these areas out of the whole Portugal
mainland area of 89,015 km2, the minimum and maximum productivity (according to Table 1) and
the estimated minimum and maximum production for each crop. It is important to specify that the
calculated productivity values are overestimated, considering a productivity of 100%.

The following text is a guideline for the calculation of either minimum or maximum production,
including the percentage of the land area based on the mainland territory, all of this related to the
cardoon 4th scenario, for example.

Minimum yield (t) = Area(ha) ×Minimum productivity (t/ha)

Minimum production = 72, 312.73ha× 10 t/ha

Minimum production = 723, 127 t ≈ 723 kt

Maximum yield (t) = Area(ha) ×Maximum productivity (t/ha)

Maximum production = 72, 312.73ha× 15 t/ha

Maximum production = 1, 084, 691 t ≈ 1085 kt

89, 015 km2 → 100% da area

723.13 km2 → X

X = 0.81% o f the area obtained f or the Cardoon 4th scenario

Based on the results presented in Table 6, the scenarios with the largest proposed area for each
species are the 4th scenario for the cardoon, miscanthus and paulownia crops, with it being very
limited by the selected data in “COS 2010”, “CLC 2012”, “COS 2015” and by the map of “Natural and
semi-natural vegetation with conservation value”.

In the case of microalgae cultures, there is not a significant difference among the 4 obtained
scenarios, so it can be guaranteed that the areas would not diverge too much if new scenarios were
created. However, the largest area identified was obtained in the 1st and 4th scenarios.

For the last case, the use of waste for bioenergy, approximately 73% of the area corresponds to
land with already cultivated species, thus ensuring the existence of residual material that can be used
in biomass for further energy conversion systems.

It should be pointed out that the yielded area from the 4th scenario for either cardoon or paulownia
is around half the area of the previously reported unproductive soils (2% of mainland Portugal).
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3.2. Publication on Laboratório Nacional de Energia e Geologia – LNEG´s geoportal

After obtaining all maps of interest, all the created maps were compiled and published in the
LNEG´s geoportal [48], on a dedicated theme for the CONVERTE project.

4. Conclusions and Recommendations

The aforementioned 4th scenario represents the largest proposed area for cardoon, miscanthus and
paulownia cultures: 72,313 ha (0.81% of the total area of mainland Portugal), identified in the Regions
of Estremadura and Ribatejo, Lisbon, Algarve and part of Beira Litoral and Alentejo, 874 ha (0.01% of
the total area of the continent) being located in the Beira Litoral and Alentejo Regions and 80,975 ha
(0.91% of the mainland Portugal total area), identified in the Beira Litoral, Estremadura and Ribatejo,
Lisbon, Alentejo, Algarve and part of Trás-os-Montes and Alto Douro and Beira Interior, respectively.

Concerning microalgae cultures, the 1st and 4th scenario represent the largest proposed area for
its implementation with approximately 29,395 ha in both cases (0.33% of the total area of mainland
Portugal) identified in the Beira Litoral, Estremadura and Ribatejo Regions, Lisbon and Setúbal,
Algarve and part of Beira Interior.

Concerning cultivated species, the most significant value of the agricultural-forestry area is
6,531,613 ha (73.38% of the total continent) from COS 2015, identified in all regions, anticipating a huge
potential for waste generation and recovery.

The previously identified areas for energy crops production correspond only to marginal and
degraded soils. The scenarios created yielded very restricted areas which fulfill all predefined
parameters for each species.

The GIS is a powerful tool for predicting areas for biomass production to feed energy-based
biorefineries and geographical availability of the feedstock. It is an instrument for technicians,
beneficiaries and decision-makers regarding the optimal location of future biomass power plants.

The implementation of energy crops in degraded and contaminated soils presents also a dual
purpose: it allows the sustainable production of energy and soils can also be recovered for agriculture
or forestry. This study combines GIS and a multiplicity of data in order to predict the availability
of biomass for bioenergy, acting as support guidelines for further implementation elsewhere, as the
methodology can be implemented in other countries or regions.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1073/13/4/937/s1: S.1
Maps obtained from Direção Geral do Território (DGT); S.1.1 Districts of the Official Administrative Charter of
Portugal-CAOP; S.1.2 Land Use and Land Cover; S.1.3 Corine Land Cover; Figure S1. Maps obtained from the
DGT website: (a) Districts of mainland Portugal from CAOP; (b) COS 2010; (c) CLC 2012; (d) COS 2015; S.2 Maps
consulted from Agência Portuguesa do Ambiente (APA); S.2.1 Insolation; S.2.2 Temperature; S.2.3 Precipitation;
S.2.4 Frost; Figure S2. Maps presenting APA data (annual basis): (a) Insolation level measured in number of
hours; (b) Average daily air temperature in ◦C; (c) Precipitation measured as the total amount (average values) in
mm; (d) Map of frost in number of days; S.2.5 Municipalities of mainland Portugal with CO2 production in the
energy and industrial sectors; S.2.6 Pollutant Release and Transfer Register—PRTR; Figure S3. Consulted maps
from APA (annual basis): (a) Municipalities vs the quantity produced CO2 (emitted and released) in the energy
sector; (b) Produced (emitted) CO2 (kt) in the industrial sector vs Municipalities; (c) Location of the companies by
subsector identified in the Pollutant Release and Transfer Register—PRTR, that represents the GHG emission
sources in mainland Portugal; S.3 Maps obtained from EPIC WebGIS platform (Instituto Superior de Agronomia,
Universidade de Lisboa, ISA-UL); S.3.1 Land steepness; S.3.2 Soil texture; S.3.3 Soil pH; S.3.4 Soil thickness;
Figure S4. Maps obtained from EPIC WebGIS platform (ISA-UL): (a) Land steepness map measured in %; (b)
Soil texture represented as the surface layer up to 30 cm; (c) Soil pH map from soils considered high acid up
to very alkaline; (d) Soil thickness in cm; S.3.5 Presence of physical obstacles; S.3.6 Ecological Soil Value; S.3.7
Current Permeability; Figure S5. Maps according to EPIC WebGIS platform (ISA-UL): (a) Map of the presence
of physical obstacles; (b) Ecological soil value map; (c) Current permeability; S.3.8 Natural and semi-natural
vegetation with conservation value; S.3.9 Soil-morphological aptitude to irrigated agriculture and silviculture;
Figure S6. Consulted maps from EPIC WebGIS platform (ISA-UL): (a) Natural and semi-natural vegetation with
conservation value map; (b) Soil-morphological aptitude to irrigated agriculture; (c) Soil-morphological aptitude
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Protected areas; S.4.2 Unprotected areas; S.4.3 Soil susceptibility to desertification; Figure S7. Maps obtained
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Unprotected areas, corresponding to zones where cultivation is allowed; (c) Soil susceptibility to desertification;
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Abstract: Pellets from residues from rice harvest (i.e., straw and husk) were produced and their
main properties were evaluated. Firstly, rice straw pellets were produced at lab scale at varying
operational conditions (i.e., load compression and wt % of feeding moisture content) to evaluate their
suitability for palletization. Successively, rice straw and husk pellets were commercially produced.
All the samples were characterized in terms of their main physical, chemical, and physico-chemical
properties. In addition, axial/diametral compression and durability tests were performed to assess
their mechanical performance. All the analyzed properties were compared with the established
quality standards for non-woody pellets. In general, rice straw pellets presented suitable properties
for their use as pelletized fuels. Rice husk pellets fell out of the standards in recommended size or
durability and thus preliminary treatments might be required prior their use as fuels.

Keywords: rice harvest pellets; palletization; combustion; ash recovery; normative

1. Introduction

Rice is one of the most consumed crops worldwide, with an annual production of 700 million tons
according to the Food and Agriculture Organization of the United Nations database [1]. The largest
producers in Europe are Italy and Spain with an 80% of the total rice production. Italy (with a total
cultivated surface of 220,000 ha) is the largest producer mainly in the Po basin (the Piedmont, Lombardy,
Venetia, and the Romagna). The second-largest European rice producer is Spain, with 117,000 ha.
Andalucia and Valencia are the main rice-producing regions, the latter harboring a more stable water
supply which benefits the production.

The main by-products of rice harvest are rice straw and rice husk which represent an environmental
and economic problem for the farmers. Rice straw, for example, is usually eliminated by uncontrolled
burning with harmful consequences related to air, flora, and fauna pollution in wetlands. As an
alternative, rice waste is abandoned or sunk, being decomposed in fields, causing major die-off of
fish and other aquatic fauna in deeper areas [2]. Currently, different European moratoria permitting
uncontrolled burning are being applied, since no reliable solutions are being implemented.

In this framework, the EU-funded project LIFE LIBERNITRATE [3] proposes a synergic application
of efficient rice waste management to treat nitrate problems in over-cropping areas. This is achieved
through the controlled combustion of rice straw and the successive production of silica-based adsorbents
from the obtained ashes, which are applied as filters to decrease the high concentration of nitrates
in waters.

Combustion efficiencies are optimized using rice straw in the form of pellets. Raw materials are
light and irregular which results in difficulties for their collection, transport, storage, and operation.
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Bulk density of rice straw and rice husk are around 60 kg/m3 [4] and 90 kg/m3 [5], respectively, with
recommended pellet values in the range 600–800 kg/m3 [6].

The quality of pellets depends both on the properties of the feeding and on the operational
conditions for its production. For that reason, understanding the physical, chemical, and mechanical
properties of the initial feedstock becomes essential to evaluate their behavior during combustion.
The control of the moisture content plays an important role: Within the optimal percentage (10–14%) it
serves as binding agent, facilitates heat transfer, and promotes self-bonding of individual particles
in the pellet [7,8]. However, an increase of this optimal value could decrease inter-particle forces
that might cause swelling and disintegration of pellets [9]. Also, the assessment of the applied load
compression applied must be careful evaluated: Low void fractions inside the pellet can prevent
oxygen diffusion into the inner part restricting the combustion only to the outer surface [10].

On the other hand, the chemical composition of the feedstock provides indications on the potential
emissions and operational problems that could occur on the device helping in their prevention. In this
sense, special attention has to be paid to sintering and fouling owing to the high content of silica
present in rice straw (RS) and rice husk (RH): Their ash analysis show concentrations around 70 mg/kg
and 100 mg/kg of silica, respectively [11]. This implies increased risks for sintering and dust emissions
and a lowering on the heating value [12]. Also, emissions associated with biomass combustion, such
as NOX, need to be evaluated [13].

Finally, storage, transport, and processing of pellets can lead to a loss of their mechanical properties.
A significant loss on mechanical strength might increase the level of dust and consequently, the risk of
fire and explosions as well as being a health hazard for workers [14]. Moreover, high strength values
can result in extremely hard pellets causing difficulties during solids feeding due to bridging.

Within this framework, the main physical, chemical, and mechanical properties of single press
and commercially produced pellets using rice straw and rice husk were investigated. Their properties
were evaluated by comparing them with the standard limits for non-woody pellets and their suitability
as combustion feeding materials in the framework of LIFE LIBERNITRATE was discussed.

2. Materials and Methods

2.1. Production of Rice Straw Pellet with a Single Press

Rice straw was provided by Società Agricola Abbazia (45◦22′59.34” N 9◦58′22.3” E), Orzinuovi
(Brescia, Italy). All tests were performed at the Laboratorio di Ingegneria dei Materiali (DICCA, UNIGE).
Rice straw was initially cut to get short fibers and then grounded using a chopper with rotating blades
for 1 min at 4000 rpm. Sieves with an aperture of 1 mm, 0.85 mm, 0.3 mm, and 0.15 mm were used to
obtain the granulometric distribution of the straw powders. The obtained particle size distribution
after grinding is presented in Figure 1. A particle size range between 0.5 to 0.7 mm is suggested in
literature [15]. Sizes larger than 1 mm could act as preferential breaking points. On the contrary, small
particles with large surface area could increase density values and lead to tougher pellets. In this work,
only the fraction in the range 0.15–1 mm was used to provide a homogenous sample according to
established criteria.

The pellet press consisted of a cylindrical 8 mm diameter die of steel, a fitted piston, and a
hydraulic press. The compression of the material was obtained by pressing, with the hydraulic press,
against a fixed backstop. A fixed quantity of 0.25 g of rice straw was used. A constant force detected
by a 150 kN load cell was applied for one minute at room temperature. After compression, the
pressure was released, the bottom of the cylinder removed, and the pellet pressed out of the cylinder.
For determination of experimental precision, four replicates were carried out. Pellets had in general a
cylindrical shape and are about 8 mm in diameter.
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Figure 1. Particle size distribution of grounded rice straw.

Different compression forces (1–10 tons) and amount of added distilled water (40–60 mg) were
used. Figure 2 shows examples of the produced pellets.

  

Figure 2. Pellets produced using the single press.

2.2. Production of Commercial Pellets

The available 10 kg of RS and 23 kg of RH were cut and reduced to a length less than 3–4 cm.
This feedstock was sent to a commercial pellet producer, Novapellet (Novara, Italy) [16]. A size
refinement was performed to obtain dimensions of 6 mm by 2 mm by 1 mm in order to ensure proper
densification. The moisture content of both materials was within the range 10–14% wt. In accordance
to the experimental procedure at lab-scale, no binder was used in the process. Pellets were produced
at a temperature range of 60 ◦C to 70 ◦C with the commercial pelletizer N-PICO (Novapellet) with a
maximum capacity of 200 kg/h and nominal power of 10 kW [17]. Figure 3 shows the pelletizer (a) and
the pelletized RS (b).

  
(a) (b) 

Figure 3. N-Pico pelletizer (a) and pelletized rice straw (RS) (b).
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2.3. Characterization of Pellets

Physical, chemical and mechanical properties of all samples were evaluated at the Laboratorio di
Ingegneria dei Materiali (DICCA, UNIGE) and compared with standards [17]. The produced commercial
pellets (6 kg of RS and 2 kg of RH) were stored for two weeks before characterization. Firstly, the
specimens were sub-divided, and a representative sample was selected. The following characteristics
were evaluated.

2.3.1. Physical Properties

Twenty randomly chosen pellets were used to determine the length (L) and the diameter (d) of
the pellets (mm) using a caliper (precision 1/20 mm). Particle density (ρp) (UNE-EN 15,150) [18] was
determined by weighing the individual pellet using a precision digital balance and calculating its
volume based on the length and diameter previously determined. The pellet shape was assumed to be
cylindrical. Bulk density (ρb) (UNE-EN 15103) [19] was calculated from the volume and weight of
pellets using a laboratory balance and a graduated cylinder. Porosity (ε0) was then calculated from
particle and bulk density as:

ε0(−) = 1− ρb

ρp
(1)

2.3.2. Chemical Properties

Proximate analysis (PA) was calculated using a muffle furnace following the standards [20–22].
Ultimate analysis (UA) was calculated using a Vario MACRO Cube Elementar Analyzer. The heat
release by the unit of mass during the combustion of RS and RH was evaluated through the higher
heating value (HHV) using the empirical expression [23]:

HHV (MJ / Kg) = 0.3536 FC + 0.1559 VM − 0.0078 A (2)

With the fixed carbon (FC), volatiles (VM), and ash (A) content in mass percentage.

2.3.3. Mechanical Properties

Axial and diametral compression tests were carried out with a Hausfield universal mechanical
tester. The equipment was set at a load cell capacity of 5 kN at a rate of 20 mm/min (Figure 4).
The corresponding strength values were determined as the minimum force at which pellet broke.
That way, the resistance of pellet to deformation and breakage when compressed vertically and
horizontally were evaluated which are likely scenarios during transport and storage.

 

Figure 4. Axial compressive test.
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The axial compressive strength (σAC) was calculated using:

σAC(MPa) =
4P
πd2 (3)

where d is the diameter of the pellet (mm) and P (N) is the failure force.
The elongation at break (ε) was defined as:

σ(%) =
s
l
100 (4)

with s the length at break (mm) and l the initial length (mm).
The diametral compressive strength (σDC) was calculated as:

σDC(MPa) =
2P
πLd

(5)

where L and d are the length (mm) and diameter (mm) of the pellet and P (N) is the failure force.
Durability (D) tests were performed on commercial RS and RH pellets to measure their friability

and their possibility of breaking apart during processing. With this purpose, an initial quantity of
material was weighed (Wi) and placed in a 0.25 L recipient. Then, the recipient was tumbled at 50 rpm
for 10 min and sieved afterwards. Finally, the mass of pellets retained on the sieve after tumbling
was measured (Wf). The final weight was compared against its initial value and the difference was
expressed as:

D(%) =
W f

Wi
100, (6)

2.3.4. Structural Properties

Structural analyses were performed on lab-scale pellets using an optical microscope Nikon LV 100
at 50× in reflection.

All the described analyses were run in triplicate, except where indicated diversely. Averaged
results were compared with the standard values established in the non-woody pellet norm (UNE-EN
ISO 17225-6) [24]. Table 1 gathers the most representative properties used in this study.

Table 1. Guidelines for specifications of non-woody pellets.

Parameter Guidelines

Length (mm) 3.15 < length < 40
Diameter (mm) Die diameter ± 1

Bulk density (kg/m3) >600
Moisture content (wt %) <10

Durability (%) >97.5

3. Results

3.1. Lab-Scale Pellets

Palletization is a challenging task when non-conventional wood pellets are produced due to their
particular properties in terms of bulk density, geometry, and composition. In order to evaluate the
suitability of rice straw to produce adequate pellets, pellets were initially obtained using a single press
as described in Section 2.1.

Two different operational conditions were varied: Compression force (from 1 to 10 tons) and
percentage (in mass) of added water (40 mg and 60 mg, corresponding to a 14% and 20% wt moisture
content, respectively). However, the highest moisture content presented processing difficulties and so
only the moisture value of 14% wt was considered. Physical (dimensions and density), mechanical
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(resistance to axial compression), and structural (distribution of fibers and presence of silica) properties
were evaluated.

3.1.1. Physical Properties

All the pellets presented a cylindrical shape with around 8 mm of diameter and 10 mm length.
Samples produced at 6 and 7 tons showed the best performances and were reproduced to obtain
a representative amount for their further characterization. Table 2 presents the averaged values of
diameter, length, and density of all the repeated samples.

Table 2. Averaged results of physical properties of RS pellets produced at lab conditions.

Samples l (mm) d (mm) ρp (kg/m3)

RS_6 tons 10.1 ± 0.3 8.18 ± 0.02 980 ± 20
RS_7 tons 10.8 ± 0.6 8.14 ± 0.03 930 ± 49

3.1.2. Chemical Properties

Table 3 shows the PA, UA, and HHV of lab-scale RS pellets.

Table 3. Proximate analysis (PA), ultimate analysis (UA), and higher heating value (HHV) of lab-scale
RS pellets.

Physical RS

Proximate analysis (wt %)
Moisture 7

Fixed Carbon 13
Volatile Matter 71

Ash 9
Ultimate analysis (wt %) (ash-free)

Carbon 46.8
Hydrogen 5.1
Nitrogen 0.6
Oxygen 47.2
Sulfur 0.3

HHV (MJ/kg) 15.6

3.1.3. Mechanical Properties

Table 4 shows the averaged results of the axial compression tests. Samples obtained at 1, 8, 9, and
10 tons did not provide stable pellets and could not be used for their mechanical characterization.

Table 4. Averaged results of axial compression tests for RS pellets at lab conditions.

Samples σAC (MPa) ε (%)

RS_2 tons 56.5 ± 7.7 0.70 ± 0.04
RS_3 tons 67.7 ± 2.9 0.72 ± 0.02
RS_4 tons 58.2 ± 10.4 0.66 ± 0.04
RS_5 tons 61.2 ± 3.1 0.68 ± 0.05
RS_6 tons 58.4 ± 7.0 0.69 ± 0.06
RS_7 tons 54.4 ± 18.9 0.72 ± 0.15

3.1.4. Structural Properties

Microscopic analyses were performed on lab-scale pellets to evaluate the distribution of fibers in
the matrix. Figure 5 shows the fractions 0.3–0.85 mm (a) and 0.15–0.3 mm (b) of the straw powders at
the magnification of 50×. Particles appear as straight rods with diameters about 0.1–0.2 mm (fraction
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0.3–0.85 mm) and as irregular needles with the presence of rectangular pieces in the fraction at lower
dimensions (b). In both figures the presence of silica is clearly shown by the light reflection on the
surface of the samples.

  

  
(a) (b) 

Figure 5. Fraction 0.3–0.85 mm (a) and 0.15–0.3 mm (b) of the straw powders at the magnification of
50× at optical microscope.

3.2. Commercial Rice Straw and Rice Husk Pellets

After the confirmation of the suitability of RS for palletization without the use of any binder,
commercial pellets were produced as described in Section 2.2. Afterwards, their main properties
were evaluated.

3.2.1. Physical Properties

The size of pellets greatly influences feeding and combustion processes. In general, shorter pellets
promote a more continuous inflow, as solid obstructions are more unlikely to occur. Longer pellets
can be more easily broken during storage, handling, and processing but can also provoke bridging
problems. Thinner pellets allow a more uniform and efficient combustion rate.

As shown in Table 1, the norm [24] sets the diameter limit at die diameter ± 1 mm and a length
range between 3.15 and 40 mm. Table 5 shows the dimensions of RS and RH pellets. Die diameter was
6 mm in all cases.

Table 5. Averaged dimensions of RS and rice husk (RH) pellets.

Dimensions RS RH

L (mm) 17.7 ± 1.0 8.5 ± 2.5
d (mm) 6.3 ± 0.1 6.4 ± 0.1

L/d 2.8 ± 0.1 1.3 ± 0.1

Visual observations of pellets showed differences in size (RS—Figure 6a; RH—Figure 6b). RH
pellets showed lower length values than RS pellets and a more fragile behavior during its manipulation.
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(a) (b) 

Figure 6. RS (a) and RH (b) pellets.

In any case, the dimensions of both pellets were within the range established by the norm. A slight
increase in the diameter indicated a pellet expansion after its release from the die, an effect also shown
in other materials [25]. RH pellets had the lowest L/d ratio and both materials presented values similar
to other biomass pellets (e.g. black poplar = 3.64; holm oaks = 2.18; and leaves of olive trees = 1.76 [12]).

Bulk density (ρb) greatly influences storage and transport processes as well as combustion
efficiencies. Particle density (ρp) might affect combustion efficiency as highly packed materials might
prevent oxygen to access within the particles. The norm [24] suggests a value ρb > 600 kg/m3.
No guidelines are established for ρp with a recommended value of 1200 kg/m3.

Porosity (ε0) influences heat and mass transfer phenomena and thus the combustion parameters
such as burning rate, conversion efficiency, and emissions [26]. Table 6 shows the densities and
porosities of RS and RH pellets.

Table 6. Averaged density and porosity of RS and RH pellets.

Physical RS RH

ρb (kg/m3) 606 ± 20 505 ± 15
ρp (kg/m3) 1305 ± 34 1112 ± 38
ε0 (−) 0.536 0.544

RS was just within the range established by the norm and above the recommended particle
density value. On the contrary, RH fell out of the optimal ranges presenting lower values than those
recommended in all cases. These results are in accordance with other studies in which RS pellets
presented higher density values than RH pellets [11].

In summary and regarding physical properties of pellets, RS was considered as a suitable material
according to the standards whereas RH presented length values close to the minimum permitted and a
density out of the recommended range.

3.2.2. Chemical Properties

Chemical energy is stored in biomass in two forms: Volatiles and fixed carbon. VM is defined
as the released gas by heating and FC is the mass remaining after this release, excluding the ash and
moisture contents (MC).

The content of volatiles also influences the ignition temperature which is the temperature above
which combustion reactions become self-sustaining. In general, the ignition temperature is lower for
higher VM contents.

The composition of pellets described by their PA was carried out using a muffle furnace following
the standards [20–22]. The energy developed during the combustion of RS and RH pellets was
evaluated through the HHV. Table 7 lists the PA, UA, and HHV (calculated by Equation 2) of RS and
RH pellets.
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Table 7. PA, UA, and HHV of RS and RH pellets.

Physical RS RH

Proximate analysis (wt %)

Moisture 15 17
Fixed Carbon 11 11

Volatile Matter 60 63
Ash 14 9

Ultimate analysis (wt %)—ash-free

Carbon 43.9 52.1
Hydrogen 4.7 6.2
Nitrogen 0.6 2.2
Oxygen 50.5 39.3
Sulfur 0.3 0.2

HHV (MJ/kg) 13.2 13.8

Similar compositions were found for both feedstocks. A slightly higher value of volatile matter
for RH pellets led to a slightly higher heating value. The ash content, main objective of LIFE
LIBERNITRATE, was higher in RS pellets identifying them as a better choice in terms of material
efficiency. Comparing the composition before and after densification, slightly higher volatile contents
were found for pellets with respect to raw straw (VMraw = 57.5% [27]). They also presented higher
HHV (HHVraw = 11.6 MJ/kg [27]) which indicated an increased energy emission during the combustion
due to densification. On the contrary, the ash content slightly decreased with respect to raw materials
(Araw = 18.8% [27]). This suggested that a higher quantity of pellets will need to be processed in order to
achieve the same quantitative efficiencies. HHV values were found to be lower than commercial wood
pellets for both feedstocks (HHVwood = 19.5 MJ/kg [28]). An increase in these values could be achieved
by mixing them with other available residues (HHVpersimmon stems = 17.3 MJ/kg [29] or HHVappletrees

= 17.2 MJ/kg [30]). That way, the increase in the quality of the final pellet would permit using these
residues with low calorific values in energy recovery processes. Sulfur and nitrogen contents remained
in a very low percentage (below 0.3% wt and 2.5% wt, respectively). This low sulfur and nitrogen
content results in low NOX and SOx emissions and contributing to minimize environmental damage.

3.2.3. Mechanical Properties

Axial and diametral compressive tests were performed on RS and RH samples at the Laboratorio
di Ingegneria dei Materiali (DICCA, UNIGE). Ten specimens were tested except for the RH in the axial
compression test where only one specimen was tested due to its extreme fragility. The load at fracture
was obtained from the stress–strain curve (as shown in Figure 7a for RS and Figure 7b for RH) from
which the main mechanical properties were calculated.

 
(a) (b) 

Figure 7. Axial compressive stress-strain curves for RS pellets (a) and RH pellets (b).
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The mean values for axial compression strength (σAC, MPa), deformation at break (ε, %), and
diametral compression strength (σDC, MPa) for RS and RH pellets are listed in Table 8. The high values
of standard deviation were attributed to the heterogeneous nature of the biomass samples.

Table 8. Averaged results of axial and diametral compression tests for RS and RH pellets.

RS RH

σAC (MPa) 11.0 ± 2.0 1.17
ε (%) 7.5 ± 3.2 8.12

σDC (MPa) 7.8 ± 2.5 4.26 ± 2.57

RS pellets presented higher mechanical resistance in both directions in comparison to RH pellets.
This fact indicated a stronger bonding as a result of a more efficient densification process. Mechanical
strength varies significantly with direction of load and feedstock. Compressive stress was higher in
the axial orientation for RS pellets whereas RH presented higher values in the diametral orientation.
Because the diametral compression is an indirect measure of the tensile properties, a higher value of
σDC with respect to σAC is probably due to the prevalent orientation of the fibers along the longitudinal
direction of cylinder. Mechanical strength of pellets is highly related to their physical and chemical
properties. The higher moisture content, lower density, and lower length of pellets resulted in lower
mechanical strength values. This might be attributed to the lower adhesion forces between particles, in
accordance with other works [11]. Compression strength values were consistent with other pellet values
like eucalyptus pellets (σAC = 5.5 MPa; σDC = 9.9 MPa), wood pellets (σAC = 4.1 MPa; σDC = 9.5 MPa),
or sunflower pellets (σAC = 7.5 MPa; σDC = 6.5 MPa) [31].

Following these results, it is concluded that RS pellets present an adequate mechanical strength
whereas RH pellets were too fragile and not resistant to mechanical forces. This fact could lead to
increased dust emissions and higher risks of fire and explosion and so they were not considered as a
valid feedstock.

Durability is one of the most important factors defining the quality of pellets. Low values can
lead to problems such as blocking in the feeding system, dust emissions, and higher risk of explosions
during handling and storage [14]. The norm [24] recommends a value over 97.5%. The calculated
durability values of RS and RH pellets were 99.8% and 91.8%, respectively. Durability of RS pellets was
higher than RH pellets probably due to their different physical characteristics. RS is more flexible, and
particles can be in closer contact than RH particles during palletization favoring a correct densification.
The durability of RS pellets was well over the limit value according to the standards. On the contrary,
the durability of RH pellets was slightly lower than the recommended value and so failed to accomplish
the established requirements.

Overall, commercial RS pellets showed adequate properties according to the quality standards.
However, the low HHV values suggested that mixing with other materials could improve their calorific
value. On the contrary, commercial RH pellets fell out of the standards in several tests such as
recommended size or durability. Different operational conditions during pellet production or mixing of
rice husk with other biomass could permit using these residues for pellet production to take advantage
of the discussed densification processes.

In summary, an adequate densification of biomass could reduce costs and operational difficulties
with handling, transportation, storage, and utilization of low bulk density materials. However, the
feedstock and the operational parameters for pellets production need to be carefully examined to
determine the technical suitability of the produced materials and potential required improvements.
In addition to these technical considerations, further economic and environmental studies will be
performed in the context of LIFE LIBERNITRATE to evaluate the global impact on the project.
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4. Conclusions

Pellets from residues from rice harvest (i.e., straw and husk) were produced and their main
properties were evaluated. Rice straw pellets were initially produced at lab scale at varying operational
conditions (i.e., load compression and wt % of feeding moisture content) to evaluate their suitability
for palletization without the use of binders. Afterwards, pellets from rice straw and husk pellets were
commercially produced without the use of a binder.

All the samples were characterized in terms of their main physical (density, dimension, porosity),
physico-chemical (proximate and ultimate analysis, higher heating value), and structural properties.
In addition, axial and diametral compression tests and durability tests were used to assess their
mechanical performance. All the analyzed properties were compared with the established quality
standards for non-woody pellets.

In summary, rice straw pellets presented suitable properties for their use as pelletized fuels in
the context of the LIFE LIBERNITRATE project. Rice husk pellets fell out of the standards in several
tests such as recommended size or durability and their pre-treatment might be necessary for their use
as fuels.
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Abstract: Many recent studies focused on the research of thermal treated biomass in order to replace
fossil fuels. These studies improved the knowledge about pretreated lignocellulosics contribution
to achieve the goal of renewable energy sources, reducing CO2 emissions and limiting climate
change. They participate in renewable energy production so that sustainable consumption and
production patterns can by ensured by meeting Goals 7 and 12 of the 2030 Agenda for Sustainable
Development. To this end, the subject of the present study relates to the enhancement of the thermal
energy content of barley straw through torrefaction. At the same time, the impact of the torrefaction
process parameters, i.e., time and temperature, was investigated and kinetic models were applied
in order to fit the experimental data using the severity factor, R0, which combines the effect of the
temperature and the time of the torrefaction process into a single reaction ordinate. According to the
results presented herein, the maximum heating value was achieved at the most severe torrefaction
conditions. Consequently, torrefied barley straw could be an alternative renewable energy source as a
coal substitute or an activated carbon low cost substitute (with/without activation treatment) within
the biorefinery and the circular economy concept.

Keywords: barley straw; torrefaction; higher heating value; severity factor; sustainable development;
enhancement factor; energy yield

1. Introduction

Fossil fuels, such as oil, gas and coal, are the world’s primary energy sources. However, these
resources have limited reserves that will only be sufficient for the next 50 years [1,2]. Fossil fuels also
make a significant contribution to the environmental impact of carbon dioxide emissions. Reductions
in CO2 emissions through the use of renewable energy aim to reduce greenhouse gas emissions from
1990 to 2030 by 40% and reduce greenhouse gas emissions by 80%–95% by 2050 [3–6]. It is imperative
that we use natural resources to achieve the goals of the 2030 agenda so that the needs of the present
situation and the satisfaction of future ones will be covered [7].

The use of renewable energy sources and particularly, of biomass, is important due to the economic
factor, since the use of cheaper energy resources is more selective, enhancing the conservation of clean
environment, as natural, abundant and reusable means of producing thermal energy are mostly in
use [8]. Biomass is becoming more promising due to a set of features that allow fossil fuel substitution,
thereby reducing greenhouse gas emissions [9,10]. Biomass is one of the major sources of renewable
energy, accounting for about 10% of total primary energy and 78% of total renewable energy [11].
Thus, the need to utilize non-wood lignocellulosic biomass as a promising raw material for future
renewable fuels is widely recognized, since the latter is in abundance [12,13]. Lignocellulosic biomass,
while presenting several positive features, is, however, associated with various deficiencies, such as
structural heterogeneity, non-uniform physical properties, low energy density, hygroscopic nature
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and low bulk density. All of these features create difficulties in transport, handling, storage, and
conversion [14–18]. These features impede the use of biomass in the replacement of fossil fuels for
energy production. Therefore, biomass must be pre-treated before it can be used in any thermochemical
process. The torrefaction process is an appropriate such pretreatment method that removes many of
the above limitations associated with crude biomass. The torrefaction process is the partial pyrolysis of
the biomass which is carried out usually under atmospheric pressure over a small temperature range
of 200–300 ◦C and under an inert environment [19–21]. The process is usually performed at a low
heating rate, which gives a higher yield of solid product [22]. A great motivation for torrefaction is
the maximization of solid performance, which is not achieved with pyrolysis. During the torrefaction
process, three major phases, namely decomposition, rehabilitation and depolymerization, occur.
The process releases concentrated hydrocarbons, hydrogen, oxygen and some of the carbon content of
the biomass as carbon monoxide and carbon dioxide [23]. During the torrefaction process, drying is
considered to be the most destructive between the intramolecular hydrogen bonds, C–O and C–H [24].
This results in the significant emissions of hydrophilic and oxygenated pollutants, and hydrophilic and
oxygenated compounds, forming a black hydrophobic energy-dense product.

The main motivation of torrefaction is to improve the quality of biomass fuels and make it more
suitable for energy use. The torrefied biomass can be applied in briquetting, pelletizing, gasification
and thermal energy cogeneration [5,25,26]. Biomass torrefaction destroys biomass strength and fibrous
structure and also increases energy density. Many studies have concluded that torrefied biomass can
avoid many constraints associated with crude biomass because it produces moisture-free hydrophobic
solid products [27], reduces the O/C ratio [13], decreases milling energy [15,28], increases energy
density [29], increases bulk density and simplifies storage and transport [30]. It also improves particle
size distribution [15], strengthens burning with less smoke [31], shifts the combustion zone to the high
temperature zone in a gasifier [32] and increases resistance to biological decomposition [33]. Therefore,
the torrefied biomass is more appropriate than the raw biomass for co-firing in the conventional coal
power plants due to many of these improvements, as mentioned above. In addition, torrefied biomass
is more appropriate than crude biomass for eligible fuel in conventional coal-fired power plants [20].
The removal of volatiles during torrefaction process leads to a decrease of the O/C ratio, and to an
increase the energy density of the biomass [34].

In the present study, the process of torrefaction caused by muffle furnace on barley straw under
different experimental conditions was studied, aiming at increasing the energy content of barley straw.
Barley straw was placed in a porcelain capsule and was heated using a muffle furnace for various
experiments with different sets of temperatures and residence times, allowing the critical parameters of
the combustion process to be identified and affecting the energy content of the material. Furthermore,
innovative kinetic models were applied to fit the experimental data using the severity factor (R0), which
combines the effect of temperature and time on the torrefaction process in a single reaction operator.

2. Materials and Methods

2.1. Material Development

Barley straw was collected from the Kapareli village of Thebes, Greece (38◦14′8“ N 23◦12′59” E)
and it was manually treated and prepared in small bunches. The specific fraction was considered to be
suitable because in this way, homogeneity could be achieved when the torrefaction procedure was
over. The untreated straw moisture was 6.0% w/w measured according to the procedure UNE-EN ISO
18134-1: 2015.

2.2. Torrefaction Process

The torrefaction process was applied to barley straw through a muffle furnace. The experimental
setup is presented in Figure 1. The muffle furnace temperature was in room temperature at zero
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torrefaction time. The heat increase curve was from 20 ◦C up to 300 ◦C. Each experiment had a different
reaction time. The time was increased by 2.5 min from 15 min to 50 min (see Table 1).

Figure 1. Experimental setup of the torrefaction process: (a) Nuve Muffle Furnace (Internal dimensions:
210W × 300D × 110Hmm) equipped with electric heating and a nitrogen generator that uses molecular
sieves and (b) barley straw in a ceramic crucible placed in the cold furnace.

Table 1. Ranking, time, severity factor and logarithm of severity factor for barley straw torrefaction
design of experiments.

Count t (min) R0 LogR0

1 15 36,010 4.56
2 17.5 332,910 5.52
3 20 1,724,755 6.24
4 22.5 5,098,025 6.71
5 25 8,922,535 6.95
6 27.5 8,949,697 6.95
7 30 13,005,480 7.11
8 32.5 10,659,469 7.03
9 35 15,435,573 7.19
10 37.5 16,313,425 7.21
11 40 16,032,904 7.21
12 42.5 22,099,405 7.34
13 45 18,959,522 7.28
14 47.5 19,904,975 7.30
15 50 16,903,655 7.23

Therefore, barley straw was placed in a porcelain capsule and after the process was completed, it
was removed from the muffle furnace and finally, it was placed in a dryer for 15 min. Then, the char
weight in the capsule was measured. The higher heating value was measured experimentally using an
adiabatic bomb calorimeter, which measures the enthalpy change between reagents and products.
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2.3. Bomb Calorimeter

In order to take the necessary measurements, a Parr 1341 Plain Jacket Bomb Calorimeter was
used. In more detail, from the samples obtained after torrefaction for a given time, we accurately
weighed quantities of about 0.5 g. Then, the 0.5 g was placed in the oxygen container with the pressure
of 25 bar oxygen and a specific length of ignition wire. The combustion container was placed in the
calorimeter’s adiabatic tank, which contained 2000 g distilled water shaken at a steady speed while
the temperature was measured per minute. Accordingly, two ignition lead wires were pushed into
the terminal sockets on the bombs’ head, the cover was set on the jacket and the stirrer was turned
manually in order to ensure that it ran freely. Upon turning of the stirrer, the drive belt slipped onto
the pulleys and the motor started operating.

With regards to temperature indications, they were measured manually with the help of a 6775
Parr Digital Thermometer each minute for 5 min in order to achieve equilibrium into the calorimeter.
More specifically, at the start of the sixth minute, the ignition button was pushed and temperature
measurements were taken each minute until the temperature became stable again. As such, the
increase of the temperature was intense during the first minutes and slowed down when reaching the
stage equilibrium. The energy equivalent of the calorimeter was determined by its standardization
at 10,104 J/◦C. The energy equivalent due to the formation of nitric acid and sulfuric acid was not
included in the calculations while the moisture content of the samples was 6.0%.

Additionally, two ignition lead wires were pushed into the terminal sockets on the bombs’ head,
the cover was set on the jacket, and the stirrer was turned manually in order to ensure that it ran freely.
Upon turning of the stirrer, the drive belt slipped onto the pulleys and the motor started operating.
In this context, the diagram of Figure 2 depicts the temperature profile and how the latter is affected
during the different stages described earlier.

 
Figure 2. Temperature profile vs. time during the measurement of a typical sample’s higher heating
value of combustion.

2.4. Ultimate Analysis

Proximate and ultimate analysis provided information on the major categories that are important
for the thermal conversion of biomass such as moisture, Volatile Matter (VM), ash, carbon etc.
The moisture content of the samples was measured by drying according to the procedure UNE-EN
ISO 18134-1: 2015; the nitrogen, carbon and hydrogen percentages were determined according to the
UNE-EN ISO 16948: 2015 standard, the VM by the UNE-EN ISO 18123: 2015, the sulfur by UNE-EN
ISO 16994: 2015, and the oxygen by difference. The measurement was conducted by the Centre for
Research & Technology Hellas/Chemical Process and Energy Resources Institute (CERTH/CPERI),
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Athens branch. The proximate and ultimate analysis data for untreated and torrefied barley straw are
presented in Table 2. The torrefaction conditions were for the optimal heating value.

Table 2. Composition of untreated and torrefied barley straw.

Percentages
(% wt. Dry Basis)

Untreated Barley Straw
Torrefied Barley

Straw
Analytical Method

Proximate analysis (wt. %)
Moisture Content 6.0 3.5 ISO 18134-1

Volatile Matter 74.3 62.5 ISO 18123
Ash 8.4 16.1 ISO 18122

Ultimate analysis (wt. %)
Carbon 45.5 57.5 ISO 16948

Hydrogen 5.5 4.1 ISO 16948
Nitrogen 0.99 1.6 ISO 16948
Oxygen 47.9 36.4 by difference
Sulfur 0.11 57.5 ISO 16994

2.5. Scanning Electron Microscopy

The observation the surface morphology pattern changes of the untreated and torrefied barley
straw was conducted by scanning electron microscopy (SEM) at the Institute of Nanoscience
and Nanotechnology, National Centre for Scientific Research “Demokritos”, Athens, using an FEI
INSPECT SEM equipped with an EDAX super ultra-thin window analyzer for energy-dispersive X-ray
spectroscopy (EDS).

3. Results and Discussion

The kinetics of higher heating value combustion of untreated and torrefied barley straw have
been extensively studied using ISO 1716:2018 [35]. To this end, the well-known higher heating value of
combustion equation is shown below:

Hg = (tW − e1 − e2 − e3)/m (1)

where Hg represents the higher heating value of combustion, “m” stands for the mass of the sample in
grams, e1 refers to a correction coefficient concerning calories for heat of formation of nitric acid, e2 to a
correction coefficient concerning calories for heat of formation of sulfuric acid and e3 to a correction
coefficient for calories or heat of combustion of fuse wire. For the given case, both e1 and e2 are taken
as being equal to zero since neither nitric acid nor sulfuric acid were used. Moreover, W is the energy
equivalent of the calorimeter, which is determined under standardization and t is the net-corrected
temperature increase, with equations following further analyzing the above variables.

t = tc − ta − r1(b − a) − r2(c − b) (2)

e3 = 2.3lf (3)

W = 10,104 J/°C (4)

To this end, a stands for the time of firing, b for the time when the temperature reaches 60% of
the total rise and c for the time at the beginning of period in which the rate of temperature change is
constant. Next, ta corresponds to the temperature at firing time and tc the temperature at time c, r1 is
the rate at which the temperature was rising until firing and r2 is the rate at which the temperature is
rising during the 5 min period after the time c. Finally, lf is the size of the fuse wire consumed during
the firing.

A severity factor was used in order to integrate the effects of reaction times and temperature into a
single variable during torrefaction. In this context, a ‘combined severity factor’ for isothermal reactions
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was based on the ‘P’ factor, first introduced at 1965 by Brasch and Free [36], for the prehydrolysis-Kraft
pulping of pinus radiata, and then at 1987 (under the name ‘reaction ordinate’) applied by Overend and
Chornet [37] in the case of fractionation of lignocellulosics by steam-aqueous pretreatments (like wet
torrefaction). The ‘P’ factor had units of time and was as follows:

(‘P’ factor) = [exp(T − 100)/14.75]·t (5)

where t is the reaction time in min and T is the reaction temperature in degrees Celsius.
Moreover, in the case of torrefaction for high energy density solid fuel of fast-growing tree species,

the following severity factor was used [38]:

SF = log
[
t·e Th−TR

14.75

]
(6)

where t is the reaction time of the torrefaction in min, Th the reaction temperature and TR the reference
temperature, both in degrees Celsius.

In addition to the above, a combined severity factor for non-isothermal reaction conditions was
also introduced in the case of the batch autohydrolysis of wheat straw [39],

R∗0 = 10−pH·
∫ t

0
e

Tθ−100
14.75 dt (7)

where Tθ is the reaction temperature in degrees Celsius.
At this point, it should be noted that since, in this work, the main variables used are time

and temperature, pH was removed from the equation, with the simplified severity factor used for
non-isothermal reaction conditions given in the following equation:

R0 =

∫ t

0
e

Tθ−100
14.75 dt (8)

A similar severity factor was used by Aguado et al. [40] for wet torrefaction of almond-tree
pruning. On the other hand, a severity index was used by Zhang et al. [41] for spend coffee grounds
and microalga residue torrefaction. Several torrefaction severity reporting methods were reported by
Campbell et al. [42], while the dry mass yield was suggested as an indicator for severity presuming
that was the most reliable singular severity indicator for bench and pilot scale work.

Consequently, in the present work, the severity factor values according to Equation. (8) and for
each of the experiments carried out are provided in Table 1. Therefore, the gradual reduction of the test
sample mass from starting time (m0) until the end of each experiment (mt) is used, with the parameter
of solid residue yield showing the percentage of the mass loss over torrefaction time.

In this context, the diagram of Figure 3 depicts the temperature profile and how the latter is
affected during the time stages described earlier. An example of temperature profiles at different
times of the muffle furnace during torrefaction of 300 ◦C is shown in this Figure. The preheating time
in the case of 300 ◦C was around 25 min, because the initial temperature in the furnace was about
30 ◦C, i.e., the furnace was cold (not preheated). Similar temperature measurements were done at each
torrefaction time for the muffle furnace.
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Figure 3. Experimental temperature profile for a typical barley straw torrefaction experiment.

Moreover, in Figure 4 the percentage of loss of mass during the torrefaction procedure following
illustrates the impact of the time (Figure 4a), severity factor (Figure 4b), and logarithm of severity factor
(Figure 4c) on the solid residue yield percentage decrease, with the latter showing a rapid reduction
for small severity factor values which is gradually almost stabilized for higher severity factor values.
Increased weight loss occurs when torrefaction temperature is also increased due to moisture removal
and hemicellulose breakdown which produced H2O, CO, CO2 and other hydrocarbons. Finally, the
following equations describe the exponential relation between the yield (y) and the time (t) or the
severity factor (R0 or logR0), with the equation parameters given in Table 3.

Model A1: y = ye + (y0 − ye)exp(−kt) (9)

where ye is the value for y at infinite time, y0 is the value for y at zero time, and k is the pseudo-first
order kinetic constant.

Model A2: y = ye + (y0 − ye)exp(−kR0) (10)

Table 3. The parameters and standard error of estimate (SEE) of the three models for the solid residue
yield (% w/w) of barley straw torrefaction.

Model A1 Model A2 Model A3

y0 101.10 80.23 70.58
k 0.0450 1.739·10–7 7.778·10–8

ye 36.76 45.32 38.35
SEE 3.637 7.183 2.596
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Figure 4. Torrefied barley straw solid residue yield vs. time (a), severity factor (b), and logarithm of
severity factor (c).

It must be mentioned Model A3 is described by the same Equation (10) as Model A2, but its
parameters were estimated without taking into account the experimental value for y at zero time.
The standard error of estimate (SEE) values for these tree models are presented in Table 3, showing
that the best fitting to the experimental data was for Model A3. The fitting of these three models is
illustrated in Figure 4a,b and c for Model A1, A2 and A3, respectively.

Moreover, Figure 5 demonstrates the Higher Heating Value (Hg) of barley straw combustion
vs. torrefying reaction time (Figure 5a), severity factor (Figure 5b), and logarithm of severity factor
(Figure 5c). To this end, according to the experimental results obtained, the optimal time that gives the
maximum output (Hg = 21.3 MJ.kg) was 47.5 min, where Hg increases by 21.7%. On the other hand,
the gross heat of combustion for the untreated barley straw was measured a total of three times, with
the average value found to be 17.5 MJ/kg and the standard deviation 0.17 (1.0%). Therefore there is an
increase of Hg during conditions intensification. After all, the following equations describe the relation
between the Hg and the time (t) or the severity factor (R0 or logR0) with the equation parameters given
in Table 4.

Model B1: Hg = Hge − [(Hge − Hg0)−1 + k1t]−1 (11)

where Hge is the value for Hg at infinite time, Hg0 is the value for Hg at zero time, and k1 is the
pseudo-second order kinetic constant.

Model B2: Hg = Hge − [(Hge − Hg0)−1 + k1R0]−1 (12)
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Figure 5. Torrefied barley straw Higher Heating Value of combustion vs. time (a), severity factor (b),
and logarithm of the severity factor (c).

Table 4. The parameters and standard error of estimate (SEE) of the three models for the Higher
Heating Value (MJ/kg) of the combustion of the torrefied barley straw.

Model B1 Model B2 Model B3

Hg0 17.11 17.53 17.55
k1 0.0006334 1.020·10–7 1.000·10–7

Hge 30.87 21.18 21.19
SEE 0.6182 0.3344 0.3479

It must be mentioned the Model B3 is described by the same Equation (12) as Model B2, but its
parameters were estimated without taking into account the experimental value for Hg at zero time.
The SEE values for these tree models are presented in Table 4, showing that the best fitting to the
experimental data was for Model B2. The fitting of these three models is illustrated in Figure 5a–c for
Models B1, B2 and B3, respectively.

Figure 6 illustrates the relation between the Higher Heating Value of barley straw combustion and
the material’s mass loss percentage due torrefaction. The theoretical curve was estimated using Models
A1 and B1 in combination. Moreover, Models A2 and B2 could successfully fit the experimental data.
The maximum Higher Heating Value of the barley straw combustion is expected to be at the maximum
material’s mass loss percentage, i.e., at the most severe torrefaction conditions. Moderate torrefaction
conditions could be chosen to reduce barley straw’s mass loss but with a lower Higher Heating Value
of the material combustion.
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Figure 6. Torrefied barley straw Higher Heating Value of combustion vs. the mass loss percentage.

In Figure 7, the torrefied barley straw Enhancement Factor (EF) and Energy yield (EY) vs. the
mass loss percentage are presented. The Enhancement Factor (EF) is given by

(EF) = Hgt/Hgu (13)

where Hgt is the HHV for torrefied straw and Hgu is the HHV for untreated straw. The Energy yield
(EY) is given by the following equation:

(EY) = (EF)·y (14)

Figure 7. Torrefied barley straw (a) Enhancement Factor (EF) and (b) Energy yield (EY) vs. the mass
loss percentage.

According to Figure 7a the Enhancement factor increases by mass loss decreasing, while according
Figure 7b, Energy yield decreases almost linearly by mass loss decreasing. The theoretical curves are
according to the same above-described Models A1 and A2, and Equations (10) and (12), respectively.
There was no need for re-estimation of the models’ parameters.

In Figure 8 are shown the Scanning Electron Microscopy (SEM) images of the untreated barley
straw at (a) × 750, (c) × 7500 and (e) × 20,000 magnification, and torrefied barley straw (at optimal
conditions) at (b) × 750, (d) × 7500 and (f) × 20,000 magnification. We observe that the effect of the
torrefaction on the straw surface topology is the roughening of the surface. The effect might facilitate
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the use of torrefied barley straw for the production of adsorbents (low-cost activated carbon substitute).
This could be an alternative use to the torrefied straw as energy production material (coal substitute).

Figure 8. Scanning Electron Microscopy (SEM) images of untreated barley straw at (a) ×750,
(c) ×7500 and (e) ×20,000 magnification, and torrefied barley straw at (b) ×750, (d) ×7500 and
(f) ×20,000 magnification.

In Table 5, the Higher Heating Value of combustion, the Solid residue yield, the Enhancement
factor and the Energy yield for some untreated and torrefied lignocellulosic residues according to the
recent literature are presented.
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Table 5. Higher Heating Value of combustion, Solid residue yield, Enhancement factor and Energy
yield for some untreated and torrefied lignocellulosic residues.

Materials HHV (MJ/kg)
Solid Residue

Yield,
y (% wt.)

Enhancement
Factor, EF

Energy Yield,
EY (%)

References

Almond-tree pruning 17.6 [28]
Almond-tree pruning

pretreated by wet
torrefaction

24 57.1 1.36 77.9 [28]

Barley straw 17.7 [11]
Barley straw torrefied 21.5 44.1 1.21 53.6 [11]

Barley straw 17.5 This study
Barley straw torrefied 21.3 49.9 1.22 60.7 This study

Eucalyptus grandis 20.1 [43]
Eucalyptus grandis

torrefied 25.0 65.2 1.24 81.0 [43]

Herbal medicine wastes 19 [44]
Herbal medicine wastes

torrefied 20.3 82.1 1.07 87.7 [44]

Microalga residue 12.7 [41]
Microalga residue

torrefied 17.3 68.0 1.36 92.6 [41]

Spent coffee grounds 21.8 [41]
Spent coffee grounds

torrefied 29.8 72.4 1.37 98.9 [41]

Spruce 20.3 [42]
Spruce char 21.2 91.5 1.04 95.6 [42]
Wheat straw 17.8 [11]

Wheat straw torrefied 20.5 64 1.15 73.7 [11]
Wheat straw 19 [42]

Wheat straw char 20.1 84.8 1.06 89.7 [42]
Willow 20.1 [42]

Willow char 21.2 87.1 1.05 91.9 [42]

These HHV values are comparable to the values found in the present study with regards
to untreated and torrefied barley straw [34], but there are significant differences when another
lignocellulosic material was used. Moreover, the EF value of torrefied barley straw [11] was similar to
the findings of the present work, while the EY value [11] was lower compared to that of the present
work. On the other hand, most of the other lignocellulosic materials presented in Table 5 have higher
EY values (73.7–98.9%) compared to the 60.7% found herein. The high EY values were found due to
high EY and/or high solid residue yield.

The higher heating values (HHV) of the barley straw samples in the present work can be calculated
from their C, H and N contents (see Table 2) in a dry basis, using the following expression, as derived
by Friedl et al. [45] for biomass from plant origin:

HHV = 3.55C2 − 232C − 230H + 51.2C·H + 131N + 20600 (15)

The values calculated according to Equation (15) for untreated and torrefied barley straw of this
work were 18.1 and 22.4 MJ/kg, respectively. This is very close to the experimental values shown in
Table 5. The EF was 1.24 very close to 1.22, i.e., the experimental one.

Lignocellulosic biomass torrefaction (dry or wet, in the absence of oxygen or not, under atmospheric
pressure or not) is a pretreatment process used to overcome the disadvantages of using biomass
as a fuel such as low energy density, high moisture, and oxygen contents [46,47]. The torrefaction
increases energy density, hydrophobicity, and reduces grinding energy requirement of biomass.
The environmental and economic aspects of the torrefaction process and torrefied product, and
various applications of torrefaction products have been taken into account by various researchers.
The cost competitiveness of torrefied materials is one of the major concerns of the torrefaction process.
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Integrating the torrefaction with other processes makes it economically more viable than as a standalone
process [47].

4. Conclusions

Torrefaction of biomass is a promising process for improving the characteristics of biomass, as an
alternative renewable energy source over the use of fossil fuels. This process provokes the interest of
investors in this sector. From this perspective, the potential development of biomass heat conversion
technologies, such as combustion, is promising as far as the use of new forms of biomass is concerned,
i.e., more eco-friendly, more abundant and more economical, as is the case of barley straw. The fact
that publications on this topic have significantly increased indicates the strong academic relevance and
industrial interest in this subject in recent years. In the current study, torrefaction conditions were
investigated for increasing the Higher Heating Value of combustion for barley straw. An integrated
methodology was applied to this end, with the main focus given on the impact of the temperature
and time parameters and with the results presented herein eventually indicating that severe treatment
conditions are the optimum ones in order to maximize the heating value of barley straw combustion.
According to these experimental results, the optimal time that gives the maximum output equal to
21.3 MJ/kg was 47.5 min where Hg increases by 21.7%., for R0 = 1.99·107 and consequently logR0 = 7.3.
On the other hand, according to the developed models, the maximum Higher Heating Value of the
barley straw combustion is expected to be at the maximum material’s mass loss percentage, i.e., at the
most severe torrefaction conditions. More or less, moderate torrefaction conditions could be chosen to
reduce barley straw’s mass loss but with enhanced Higher Heating Value of the material combustion
compared to the untreated material but lower value compared to the optimal one.
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Abstract: The application of excessive amounts of manure to soil prompted interest in using alternative
approaches for treating slurry. One promising technology is hydrothermal carbonisation (HTC) which
can recover nutrients such as phosphorus and nitrogen while simultaneously making a solid fuel.
Processing manure under acidic conditions can facilitate nutrient recovery; however, very few studies
considered the implications of operating at low pH on the combustion properties of the resulting
bio-coal. In this work, swine manure was hydrothermally treated at temperatures ranging from 120
to 250 ◦C in either water alone or reagents including 0.1 M NaOH, 0.1 M H2SO4, and finally 0.1 M
organic acid (CH3COOH and HCOOH). The influence of pH on the HTC process and the combustion
properties of the resulting bio-coals was assessed. The results indicate that pH has a strong influence
on ash chemistry, with decreasing pH resulting in an increased removal of ash. The reduction in
mineral matter influences the volatile content of the bio-coal and its energy content. As the ash
content in the final bio-coal reduces, the energy density increases. Treatment at 250 ◦C results in
a more “coal like” bio-coal with fuel properties similar to that of lignite coal and a higher heating
value (HHV) ranging between 21 and 23 MJ/kg depending on pH. Processing at low pH results in
favourable ash chemistry in terms of slagging and fouling. Operating at low pH also appears to
influence the level of dehydration during HTC. The level of dehydration increases with decreasing
pH, although this effect is reduced at higher temperatures. At higher-temperature processing (250 ◦C),
operating at lower pH increases the yield of bio-coal; however, at lower temperatures (below 200 ◦C),
the reverse is true. The lower yields obtained below 200 ◦C in the presence of acid may be due to acid
hydrolysis of carbohydrate in the manure, whereas, at the higher temperatures, it may be due to the
acid promoting polymerisation.

Keywords: HTC; bio-coal; manure; slagging; fouling; corrosion; process chemistry; combustion;
waste to energy

1. Introduction

Historically, animal manures were returned to land and used in agriculture to increase soil organic
matter and provide plant nutrients. The expansion of concentrated animal husbandry over the latter
half of the 20th century, however, resulted in thousands of animals often being concentrated into small
geographical areas, overwhelming the nutrient needs and soil-absorbing capacity of the nearby land.
Excessive nutrients can then leach into groundwater, potentially leading to surface and groundwater
pollution. As such, disposal of animal manures is a problem [1]. Hydrothermal treatment, including
hydrothermal carbonisation (HTC), is an emerging technology which is well suited to processing wet
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wastes such as manure, and it has potential for recovery of nutrients from biomass and wastes such as
phosphorus and nitrogen while simultaneously producing a solid fuel for energetic purposes [2].

Hydrothermal treatment involves the processing of biomass in water at temperatures above
100 ◦C at elevated pressure to ensure the water is in the liquid phase. HTC typically uses a temperature
range of 180 to 250 ◦C, while temperatures below 180 ◦C are typically regarded as thermal hydrolysis.
Under hydrothermal conditions, water acts as both reagent and medium for a series of aqueous and
solid-phase reactions to take place, leading to the carbonisation of biomass, resulting in a hydrochar or
bio-coal, which has similar properties to a low-rank coal. [3]. Animal manures are typically composed
of faeces, urine, discarded bedding, and waste feed. They have high moisture content, and they are,
therefore, well suited for conversion by HTC [1]. During the hydrothermal processing of plant biomass,
a number of key plant nutrients, including potassium and phosphorus from soluble phosphates, can be
extracted into the aqueous phase and subsequently precipitated and recovered [4,5]. The extent to
which the phosphorus is extracted is feedstock-dependent, with the inorganic content of the feedstock,
particularly calcium content, often a key variable [6].

Previous studies investigating the HTC of manures found that phosphorus within manures is
not easily extracted, leading to the immobilisation of the phosphorus in the bio-coal. This prompted
the application of acids in HTC to aid phosphorus extraction [2,7,8]. The addition of acids during
HTC was widely investigated, and it is thought to improve the overall rate of reaction in HTC [9–13].
In a study reported by Reza et al. [14], the influence of feedwater pH on the HTC of wheat straw was
investigated using acetic acid and potassium hydroxide. The results indicated that the feedwater
pH influences carbon density and higher heating value (HHV) in wheat straw, with higher carbon
densities associated with lower pH.

At present, the application of acid catalysis for the processing of manures is primarily focused on
increasing the extraction of phosphorus. Ekpo et al. [8] and Dai et al. [7] investigated the influence
of acids on the recovery of phosphorus and nitrogen in swine and cattle manures, respectively.
Ekpo et al. [8] investigated the addition of sodium hydroxide, sulphuric acid, acetic acid, and formic
acid at 0.1 molar concentration and demonstrated that the presence of acidic additives improves the
extraction of phosphorus and nitrogen. This study showed that phosphorus extraction is pH- and
temperature-dependent and enhanced under acidic conditions. Phosphorus was most readily extracted
using sulphuric acid, reaching 94% at 170 ◦C, while largely retained in the residue for all other
conditions [8]. Dai et al. [7] performed HTC at 190 ◦C for 12 h using hydrochloric acid at varying
concentrations. The results indicated that HTC in 2% hydrochloric acid extracted almost 100%
phosphorus and 63% nitrogen. Decreasing the pH results in a small increase in carbon content and
a large decrease in oxygen content, which will increase energy content (not stated). Decreasing the
pH, however, also impacts the yields of bio-coal, which reduces from 70% (db) to 53% (db), and this
reduction appears to be predominantly associated with the removal of oxygen. Fuel volatile matter
is also seen to decrease, corresponding to an increase in fixed carbon at low pH. Ghanim et al. [15]
investigated the HTC of poultry litter at 250 ◦C for 2 h at different pH using acetic and sulphuric acid.
Once again, the results indicate that operation at low pH increases the carbon content and HHV of
the bio-coal. Increasing sulphuric acid content appears to both increase yield of bio-coal and reduce
ash content. These results suggest that performing HTC in dilute acid can simultaneously facilitate
nutrient recovery from manure while upgrading the manure to a higher-quality bio-coal.

The studies performed to date did not consider the implications of operating at low pH on the
inorganic chemistry, and how this affects the combustion behaviour of the bio-coal. The presence of
inorganics and heteroatoms is a particular issue during thermochemical conversion of biomass and
feedstocks that contain large amounts of potassium, sodium, sulphur, and chlorine; it can result in
corrosion and slagging, or fouling in furnace and retorts [16]. Slagging is a process that occurs when
ash deposits melt due to exposure to radiant heat, such as flames in a furnace. As this ash begins to melt,
it starts to fuse, becomes sticky, and eventually forms a hard glassy slag known as a clinker, making
ash removal difficult. A high ash melting temperature is desirable as most furnaces are designed to
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remove ash as a powdery residue [16]. Fouling occurs when potassium and sodium chlorides within
the fuel partially evaporate on exposure to radiant heat and then condense on cooler surfaces such as
heat exchangers forming alkali chloride deposits, which reduces their efficiency on heat exchangers.
These alkali chlorides can also play a role in the corrosion as they can react with sulphur in the flue gas,
forming alkali sulphates and liberating chlorine within the deposit. This chlorine then catalyses the
active oxidation and corrosion of the steel on which the deposit is formed [16,17].

To reduce the chance of a fuel slagging or fouling, it is important to minimise the alkali metal
content in the ash along with chlorine. Leaching of alkaline metals and chlorine during HTC was
demonstrated in a number of studies that concluded that slagging, fouling, and corrosion can be reduced
by reducing alkali metals [18–24]. This reduction in slagging and fouling propensity following HTC
was first demonstrated by Reza et al. [25] and later developed by Smith et al. [26], who demonstrated
the effect of alkali metal removal on ash melting temperatures for HTC bio-coal using ash fusion
analysis. This was later validated by subsequent studies [27–30].

The work presented in Smith et al. [26], however, demonstrated that the reduction in slagging
and fouling propensity of HTC bio-coal is only partially due to a reduction of alkali metals, and it
is also influenced by the retention of calcium and phosphorus within the bio-coal. Calcium and
phosphorus are important as, while alkali metals, such as potassium and sodium, act as a flux for
alumina–silicate ash, alkaline earth metals, such as calcium and magnesium, tend to increase melting
temperatures [16]. In addition to the alkali and alkaline earth metals, the presence of phosphorus can
prevent alkali metals forming low-melting-temperature alkali silicates, instead forming thermally stable
phosphate compounds [31]. Phosphorus is also important from a fouling perspective, as potassium
and sodium chlorides present within the ash can bind with calcium-rich phosphates to produce
potassium or sodium phosphates, which then further react with calcium oxides. The resulting
calcium potassium phosphate/calcium sodium phosphate complexes are stable and remove the
potassium/sodium available to form low-melting-temperature potassium silicates [31,32]. Calcium
oxide, calcium carbonate, and calcium hydroxide would otherwise dissolve into potassium/sodium
silicate melts, bringing about the release of the potassium or sodium into the gas phase [33,34].
The removal of inorganics by the addition of acids during HTC may have a profound effect on the ash
chemistry and affect the properties of the bio-coal during subsequent thermochemical processing.

In this work, swine manure was hydrothermally treated between 120 and 250 ◦C in water
or 0.1 M NaOH, 0.1 M H2SO4, or 0.1 M organic acid (CH3COOH and HCOOH). The influence of
pH on the on the HTC process was assessed, and the combustion properties of the resulting fuels
were assessed.

2. Materials and Methods

2.1. Materials

The swine manure was collected from the University of Leeds farm. Prior to processing and
characterisation, the manure was dried in an oven at 60 ◦C for several days and homogenised in an
Agate Tema barrel.

2.2. Hydrothermal Processing

Hydrothermal processing of the swine manure was performed in an unstirred 600-mL Parr
reactor (Parr, Moline, IL, USA). For each experiment, the reactor was filled with 24 g of swine
manure and either 220 mL of de-ionised water (pH ≈ 6) or solutions of 0.1 M NaOH, 0.1 M H2SO4

(pH 13 and 1, respectively), or 0.1 M organic acid (CH3COOH and HCOOH) (pH 2.88 and 2.38,
respectively) to form a slurry. Hydrothermal processing was performed at 120 ◦C, 170 ◦C, 200 ◦C,
and 250 ◦C for 1 h. The heating rate was approximately 10 ◦C·min−1, and the residence time was taken
from when the reactor reached the desired temperature. After one hour, the reactor was removed from
the heating jacket and then allowed to cool to room temperature before the products were separated.
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Bio-coal samples were dried in an oven at 60 ◦C for a minimum of 24 h, and yields were taken as dry
bio-coal mass compared with the original dry mass of unprocessed manure.

2.3. Analysis

2.3.1. Inorganic Analysis

For analysis, dried samples were ground and homogenised to below 100 μm. Samples were ashed
in a muffle furnace (Nabertherm, Lilenthal, Germany) to a final temperature of 550 ◦C, with a hold
at 250 ◦C to minimise volatile metal loss, as directed in BS EN ISO 18122-2. The ash was then mixed
with a lithowax binder at a 10:1 ratio and palletised using a laboratory press (Spex, Stanmore, UK).
The elemental composition of the ash was then determined using wavelength-dispersive X-ray
fluorescence (WD-XRF) (Rigaku, Tokyo, Japan) using a metal oxide method. To correct for residual
carbon within the ash, the carbon content was determined using a CHNS analyser (Thermo Scientific,
Waltham, MA, USA), and carbon content was manually input to the XRF component list.

2.3.2. Organic Analysis and Determination of Combustion Properties

The carbon, hydrogen, nitrogen, and oxygen contents were determined using a
Flash 2000 CHNS-0 analyser (Thermo Scientific, Waltham, MA, USA), calibrated using both chemical
standards and certified biomass reference materials (Elemental Microanalysis, Okehampton, UK).
Hydrogen and oxygen values were corrected to account for residual moisture, and figures are
given on a dry free basis, in accordance with ASTM D3180-15. The error stated is based on the
calculated standard error. The higher heating value (HHV) was calculated by bomb calorimetry
(Parr, Moline, IL, USA). Proximate analysis was undertaken using a thermogravimetric analyser (TGA)
(Mettler Toledo, Columbus, OH, USA). To obtain the residual moisture, 10 μg of homogenised sample
was heated under nitrogen to 105 ◦C, where the temperature was held for 10 min before heating at
25 ◦C·min−1 to 900 ◦C to determine the volatile carbon content. Fixed carbon was determined by
holding the temperature at 900 ◦C and switching to air. Burning profiles, ignition, flame stability,
and burnout temperature were obtained by temperature-programmed oxidation (TPO) in a TGA
(Mettler Toledo, Columbus, OH, USA). Then, 10 μg of homogenised sample was heated at a rate of
10 ◦C·min−1 in air to 900 ◦C, and the first derivative of the weight loss was calculated.

2.3.3. Prediction of Slagging and Fouling Propensity

The propensity of the fuels to slag and foul was assessed using both predictive slagging and
fouling indices in the ash fusion test (AFT). Slagging and fouling indices are numerical indices based
on the ash composition, as determined in Section 2.3.1. The equations for the alkali index (AI),
bed agglomeration index (BAI), and acid base ratio (R b

a ) are given in Table 1, along with the key
values indicative of the onset of issues. The AFT is a qualitative method of assessing the propensity
of a fuel to slag, and it works by heating an ash test piece and analysing the transitions in the ash
chemistry in accordance with DD CEN/TS 15370-1:2006. Cylindrical test pieces are formed using
550 ◦C ash and a dextrin binder (Sigma-Aldrich, USA). The sample is then heated from 550 ◦C to
1570 ◦C in an ash fusion furnace (Carbolite, UK) using an airflow of 50 mL·min−1 to give an oxidising
atmosphere. The key transitions are as follows: (i) shrinkage, which predominantly represents the
decomposition of carbonates in hydrothermally derived chars, (ii) deformation temperature, essentially
representing the onset point at which the powdery ash starts to agglomerate and starts to stick to
surfaces, (iii) hemisphere, whereby ash is agglomerating and is sticky, and (v) flow, whereby the
ash melts [29]. The temperature for each transition is given to the nearest 10 ◦C in accordance with
the standard. For most power stations, slagging becomes problematic between the deformation and
hemisphere temperature [29]; thus, the deformation temperature is taken as the onset temperature for
slag related issues.
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Table 1. Predictive slagging and fouling indices.

Slagging/Fouling Index Expression Limit

Alkali Index (AI) AI = Kg (K2O+Na2O)
GJ

AI < 0.17, safe combustion
AI > 0.17 < 0.34, probable
slagging and fouling
AI > 0.34, almost certain
slagging and fouling [35]

Equation (1)

Bed Agglomeration Index (BAI) BAI = %(Fe2O3)
%(K2O+Na2O)

BAI < 0.15, bed agglomeration
likely [36] Equation (2)

Acid Base Ratio (R b
a ) R b

a =
%(Fe2O3+CaO+MgO+K2O+Na2O)

%(SiO2+TiO2+ Al2O3)
R b

a < 0.5, low slagging risk [36] Equation (3)

3. Results

3.1. Influence of pH on Bio-Coal Composition

The yields and ultimate analysis of the bio-coals derived from the swine manure are given in
Table 2. The results show that, with decreasing pH, there is increased removal of ash, with lower-pH
treatments having the lowest ash content for their respective temperature. The exception is acetic acid
(pH 2.88), which appears to have slightly lower ash content than formic acid (pH 2.38). Yields on a dry
basis also appear to be influenced by pH, with higher yields associated with lower pH. The exception
to this is sulphuric acid at lower temperatures, with lower yields observed at 120 ◦C than that for
the higher-pH treatments. This lower yield is in part because of the reduced ash content; however,
the reduction in ash alone does not account for the reduced yield, and the results suggest that the
lower yields appear to be due to enhanced oxygen removal. Due to the variation between ash contents
with differing pH, Table 3 gives the ultimate analysis on a dry ash free (daf) basis, to enable direct
comparisons between the organic chemistry of the different treatments. The results show that, for the
120 ◦C treatment in sulphuric acid, there is a higher carbon density and lower oxygen content for this
treatment than the higher-pH treatments at this temperature.

Table 2. Ultimate analysis and yields of fuels on a dry basis; n/a—not applicable.

Sample Name
Dry Basis

Yield (%) C (wt.%) H (wt.%) N (wt.%) S (wt.%) O (wt.%)
Ash

(wt.%)

Unprocessed Pig Manure n/a 44.0 ± 0.5 5.1 ± 0.1 2.9 ± 0.1 0.2 ± 0.0 35.7 ± 0.7 12.6
Sodium Hydroxide 120 ◦C 84 42.7 ± 0.3 5.0 ± 0.0 2.4 ± 0.0 0.1 ± 0.0 37.1 ± 0.5 12.6
Sodium Hydroxide 170 ◦C 64 45.0 ± 0.2 5.1 ± 0.1 2.1 ± 0.0 0.1 ± 0.0 32.6 ± 0.9 15.2
Sodium Hydroxide 200 ◦C 59 48.4 ± 0.2 5.2 ± 0.1 2.4 ± 0.0 0.2 ± 0.0 27.8 ± 0.0 16.0
Sodium Hydroxide 250 ◦C 41 49.8 ± 0.0 4.8 ± 0.0 2.5 ± 0.0 0.3 ± 0.0 15.0 ± 0.1 27.6

Water 120 ◦C 86 45.4 ± 0.5 5.8 ± 0.4 2.4 ± 0.1 0.1 ± 0.0 35.5 ± 1.0 10.7
Water 170 ◦C 62 47.3 ± 0.3 5.0 ± 0.0 2.3 ± 0.1 0.2 ± 0.0 31.2 ± 0.4 14.0
Water 200 ◦C 59 50.8 ± 0.3 5.2 ± 0.0 2.4 ± 0.0 0.2 ± 0.0 27.0 ± 0.1 14.3
Water 250 ◦C 43 53.5 ± 3.4 4.9 ± 0.4 2.8 ± 0.2 0.3 ± 0.0 16.7 ± 0.3 21.9

Acetic Acid 120 ◦C 83 45.0 ± 0.2 5.1 ± 0.0 2.6 ± 0.1 0.1 ± 0.0 36.2 ± 0.4 11.0
Acetic Acid 170 ◦C 61 47.9 ± 0.7 5.2 ± 0.1 2.5 ± 0.1 0.1 ± 0.0 31.1 ± 0.6 13.0
Acetic Acid 200 ◦C 59 50.1 ± 0.8 5.1 ± 0.1 2.3 ± 0.1 0.1 ± 0.0 27.9 ± 1.9 14.5
Acetic Acid 250 ◦C 44 56.6 ± 0.6 5.2 ± 0.1 2.9 ± 0.0 0.2 ± 0.0 15.4 ± 0.1 19.7

Formic Acid 120 ◦C 83 45.0 ± 1.1 5.4 ± 0.2 2.5 ± 0.1 0.2 ± 0.0 35.9 ± 1.4 11.0
Formic Acid 170 ◦C 61 49.8 ± 0.1 5.7 ± 0.2 2.6 ± 0.0 0.2 ± 0.0 29.0 ± 0.9 12.7
Formic Acid 200 ◦C 58 50.8 ± 0.2 5.0 ± 0.1 2.3 ± 0.1 0.2 ± 0.0 27.1 ± 0.3 14.6
Formic Acid 250 ◦C 44 56.0 ± 1.4 5.1 ± 0.1 2.9 ± 0.1 0.3 ± 0.0 14.9 ± 0.3 20.8

Sulphuric Acid 120 ◦C 75 47.9 ± 0.5 5.6 ± 0.0 2.2 ± 0.0 1.0 ± 0.0 35.2 ± 2.3 8.1
Sulphuric Acid 170 ◦C 58 50.5 ± 0.6 5.7 ± 0.0 2.4 ± 0.1 1.7 ± 0.1 29.8 ± 0.7 10.0
Sulphuric Acid 200 ◦C 57 52.4 ± 0.2 5.5 ± 0.0 2.2 ± 0.0 1.7 ± 0.0 28.1 ± 0.2 10.1
Sulphuric Acid 250 ◦C 47 56.4 ± 0.7 5.0 ± 0.1 2.7 ± 0.0 3.4 ± 0.0 17.3 ± 0.3 15.1
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Table 3. Ultimate analysis proximate analysis and yields of fuels on a dry ash free basis.

Sample Name
Dry Ash Free Basis

Yield
(%)

C
(wt.%)

H
(wt.%)

N
(wt.%)

S
(wt.%)

O
(wt.%)

H/C O/C
Volatile

Matter (%)
Fixed

Matter (%)

Unprocessed Pig Manure n/a 50.1 5.8 3.3 0.2 40.6 1.39 0.61 74 26

Sodium Hydroxide 120 ◦C 84 48.9 5.7 2.8 0.2 42.5 1.40 0.65 80 20
Sodium Hydroxide 170 ◦C 62 53.0 6.0 2.4 0.1 38.4 1.36 0.54 80 20
Sodium Hydroxide 200 ◦C 57 57.7 6.2 2.8 0.2 33.1 1.29 0.43 77 23
Sodium Hydroxide 250 ◦C 34 68.8 6.6 3.4 0.4 20.8 1.15 0.23 68 32

Water 120 ◦C 88 50.9 6.5 2.7 0.2 39.7 1.53 0.59 82 18
Water 170 ◦C 61 54.9 5.9 2.7 0.3 36.2 1.28 0.49 78 22
Water 200 ◦C 58 59.3 6.1 2.8 0.3 31.5 1.24 0.40 76 24
Water 250 ◦C 38 68.5 6.2 3.6 0.4 21.3 1.09 0.23 67 33

Acetic Acid 120 ◦C 85 50.5 5.8 2.9 0.2 40.7 1.37 0.60 80 20
Acetic Acid 170 ◦C 61 55.1 6.0 2.9 0.2 35.8 1.30 0.49 79 21
Acetic Acid 200 ◦C 58 58.6 5.9 2.7 0.2 32.7 1.21 0.42 75 25
Acetic Acid 250 ◦C 40 70.5 6.5 3.7 0.3 19.1 1.10 0.20 67 33

Formic Acid 120 ◦C 85 50.6 6.0 2.8 0.2 40.4 1.43 0.60 81 19
Formic Acid 170 ◦C 61 57.0 6.5 3.0 0.2 33.2 1.38 0.44 79 21
Formic Acid 200 ◦C 57 59.5 5.9 2.6 0.2 31.7 1.19 0.40 75 25
Formic Acid 250 ◦C 40 70.7 6.5 3.6 0.3 18.9 1.10 0.20 68 32

Sulphuric Acid 120 ◦C 79 52.1 6.1 2.4 1.1 38.3 1.40 0.55 83 17
Sulphuric Acid 170 ◦C 60 56.1 6.3 2.6 1.9 33.1 1.35 0.44 83 17
Sulphuric Acid 200 ◦C 59 58.3 6.1 2.4 1.9 31.3 1.26 0.40 76 24
Sulphuric Acid 250 ◦C 46 66.4 5.9 3.2 4.0 20.4 1.07 0.23 66 34

A van Krevelen plot of the bio-coals from different pH and temperatures is presented in Figure 1.
The results indicate that, with increasing temperature, the bio-coal has a more coal-like property,
indicating increasing levels of dehydration with increasing temperature and decreasing pH. The pH
appears to have a significant influence on dehydration, particularly at lower temperatures (120–170 ◦C),
with sulphuric acid (pH 1) promoting the greatest levels of dehydration and sodium hydroxide (pH 13)
showing the least dehydration. This effect of pH on dehydration, however, becomes less as the
temperature is increased.

Figure 1. Van Krevelen plot of the bio-coals from different pH and temperature.

It should also be noted that the most dehydrated/coalified fuel for the 250 ◦C treatment is actually
formic acid, followed by acetic acid (pH 2.38 and 2.88, respectively). The dry ash free ultimate analysis
data presented in Table 3 also indicate that these two acid-treated bio-coals have the highest carbon
density with 71% (daf). This higher carbon content could, however, be due to formic and acetic acid
adding to the carbon in the bio-coal, lowering the O/C ratio. The use of a mineral acid at pH 2.38 and
2.88 could give an O/C ratio similar to that of water in Table 3 and Figure 1. This is because temperatures

92



Energies 2020, 13, 331

above 200 ◦C bring about high dissociation of H+ and OH− in the water, leading to the decomposition
of monosaccharides to organic acids, rapidly dropping process water pH to approximately 3 [37,38].
The results in Table 3 suggest that the bio-coal from sulphuric acid at 250 ◦C has the lowest carbon
content at 66% (daf). It should, however, be noted that the sulphuric acid samples acquired sulphur
from the acid, which makes up 4% (daf) of the fuel, while the other samples are low in sulphur;
this would reduce the relative carbon content of the fuel when compared to the other treatments,
even when correcting to a dry ash free basis. The analysis of the 250 ◦C bio-coals in Table 3 would
suggest that the bio-coal is similar in property to lignite A coal, as described in Smith et al. [39],
for all pH treatments.

When the yields are corrected on a dry ash free basis, as shown in Table 3, it indicates that
decreasing pH increases yields at 250 ◦C but decreases yields below 200 ◦C. This is likely due to the
lower pH enhancing the rate of hydrolysis. The generation of hydronium ions due to the presence
of acids is known to catalyse the hydrolysis of hemi-cellulose and cellulose into monosaccharides in
lignocellulosic biomass [40].

Figure 2 shows the combustion profiles of the bio-coals following different treatments with
different pH and temperature, and it shows a distinct volatile burn peak at around 300 ◦C, which is
normally consistent with the presence of cellulose within a fuel [29,30]. Following HTC at 250 ◦C,
this peak is absent, suggesting that the cellulose was removed. The lower yields associated with lower
pH in the 120 ◦C, 170 ◦C, and 200 ◦C treatments are due to hydrolysis of the cellulose or “cellulose-like”
component within the feedstock, resulting in its removal from the resulting bio-coal. For the 250 ◦C
treatment, the increased yield at lower pH would suggest that pH is catalysing repolymerisation.

Figure 2. Derivative thermogravimetric (DTG) burning profiles for (a) 120 ◦C, (b) 170 ◦C, (c) 200 ◦C,
and (d) 250 ◦C treatments.
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In HTC, the hydrolysis of components such as hemi-cellulose and cellulose results in the formation
of monosaccharides within the process water, which then undergo dehydration and fragmentation
processes, giving rise to different soluble products such as furfural and hydroxymethylfurfural
(HMF), benzenetrol, carboxylic acids, and aldehydes (acetaldehyde, acetonitrilacetone) [40,41]. These
decomposition products undergo polymerisation and condensation to form insoluble polymers, often
known as humins, which make up a portion of the bio-coal [42,43]. The pH should play a key role in
this polymerisation due to the influence pH has on the zeta potential. Zeta potential, or, as it is more
correctly known, electrokinetic potential, is a key indicator of the stability of colloidal dispersions,
and the magnitude of the zeta potential indicates the degree of repulsion of like-charged particles in
that dispersion. A high zeta potential will result in the solution or dispersion resisting agglomeration
and flocculation. Bio-coals have a negative zeta potential. This is because they have oxygenated
functional groups on their surface, making them behave like weak acids [44]. When a base is added
to a suspension with a negative zeta potential, the particles tend to acquire a more negative charge;
this reduces the chance of the suspension flocculating and, in the case of hydrothermal suspensions,
polymerising to form bio-coal [44]. This is demonstrated in the sodium hydroxide 250 ◦C bio-coal,
which has the lowest yield. If an acid is added to the suspension, a point is reached where the negative
charge is neutralised [45]. At this point, the zeta potential is at zero, and it is called the isoelectric point.
At this moment, the suspension is most likely to flocculate. For the water- and acid-treated samples,
the lower pH increases the yields for the 250 ◦C treatments, which would suggest that lowering pH
reduces the electrokinetic potential of the decomposition products within the aqueous phase, enabling
them to polymerise and increase char yield.

The hypothesis that lower pH catalyses flocculation and polymerisation would also support the
findings of Ghanim et al. [15], who performed HTC of poultry litter at 250 ◦C for 2 h using various
initial pH with sulphuric acid and found that increasing sulphuric acid content increased bio-coal
yield and decreased ash content. This, however, does not agree with the findings in Chen et al. [46],
who used sulphuric acid and bagasse and found the reverse. Shorter retention times were, however,
used in Chen et al. [46] (5 min, 15 min, and 30 min) and, while the samples underwent polymerisation
in Ghanim et al. [15], the extent of repolymerisation was less in Chen et al. [46], as repolymerisation and
aromatisation are considerably slower than hydrolysis, decarboxylation, and dehydration reactions
which initially occur [3].

When looking at the bulk properties, excluding sulphur content (carbon, hydrogen, nitrogen,
oxygen, fixed carbon, and volatile carbon), there is only limited difference between the compositions of
the bio-coals produced at 250 ◦C. This would suggest that, under these conditions, temperature is a
more important parameter than pH. The bio-coals produced using the addition of formic and acetic
acid result in an increased carbon content in the bio-coal; however, this could be due to the addition
of carbon in the form of organic acid, as opposed to an influence of pH. A major increase in sulphur
content (4%) is observed in the bio-coal produced using sulphuric acid, indicating incorporation of
sulphur, most likely though Maillard chemistry [47].

3.2. Influence of pH on Fuel Inorganic Chemistry

The metal analysis of the bio-coals and unprocessed pig manure is given in Table 4. The results
show that, despite apparent increases in ash content, the overall composition of mineral matter in
the bio-coal changes depending on the temperature and the pH. For all treatments, most of the
potassium, sodium, and strontium is removed into the aqueous phase. The 120 ◦C treatment with
water demonstrates that, for all three metals, around 11% of the original metal is retained within the
char, with the remaining 10% gradually reducing with increasing temperature and almost complete
removal at 250 ◦C, regardless of pH. The exception is for the sodium hydroxide treatment, where,
at 120 ◦C, additional sodium is added from the solution. This sodium addition, however, diminishes
as the temperature increases and, by the 250 ◦C treatment, the bio-coal has the equivalent of only 12%
of the original sodium in the feedstock along with almost complete removal of the potassium.
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The results of the 120 ◦C treatment with water are significant, as autoclaving fuel samples at 120 ◦C
for one hour in water is a method provided in BS EN ISO 16995-2 as a methodology for determining
free ionic salts within a biofuel. Consequently, metals removed in this treatment can, under BS EN ISO
16995-2, be regarded as in free ionic form. This result would suggest that around 90% of the sodium,
potassium, and strontium is in free ionic form within the pig manure, along with 40% of the magnesium
and 25% of the phosphorus. The calcium, aluminium, silicon, manganese, iron, copper, and zinc do
not appear to be in a water-soluble ionic form. In higher plants, typically over 90% of potassium and
sodium is in ionic form, while 60–90% and 30–85% of magnesium and calcium is ionic [48]. The results
for the 120 ◦C treatment with water would suggest that, for pig manure, there is a similar proportion
of free ionic potassium and sodium in the fuel, but a greater proportion of the calcium, magnesium,
and phosphorus is either organically associated or present in mineral form than in lignocellulosic
biomass [16,49]. The relatively low extraction of phosphorus in water at 120 ◦C would suggest that
phosphorus is present as low-solubility salts such as calcium and magnesium phosphate.

The behaviour of silicon is particularly notable in the results as, for all pH treatments, it appears
to undergo increasing removal with increasing temperature, with between 45% and 60% retained,
depending on pH, at 250 ◦C. In previous work, it was generally found that silicon is reasonably
recalcitrant, being largely retained in the bio-coal, as, to become water-soluble silicon, it has to be
hydrated and become silicic acid (H4O4Si), which, unless kept buffered within certain boundaries,
readily degrades back to insoluble silicon dioxide (SiO2) [29]. Magnesium retention appears to be
strongly influenced by pH, with the highest retentions seen with the sodium hydroxide (pH 13)
and reduced retention with decreasing pH. Temperature is also critical, with the highest removal of
magnesium typically being observed at 170 ◦C and increasing retention at 200 ◦C and 250 ◦C at all pH.

The metal retention behaviour for magnesium, whereby there is an initial reduction in metal
retention up to 170 ◦C followed by increased retention of metals with increasing temperature between
200 ◦C and 250 ◦C, is also observed for calcium, magnesium, iron, and zinc, along with phosphorus.
For these elements, there appears to be almost complete retention within the bio-coal at 250 ◦C for the
sodium hydroxide, water, acetic acid, and formic acid treatments. The exception is sulphuric acid,
which extracts 50% of the calcium between 120 ◦C and 200 ◦C, with 60% retained at 250 ◦C. Most of the
phosphorus is extracted by the sulphuric acid with 87% extracted at 120 ◦C and 200 ◦C and over 90%
extracted at 170 ◦C. Additionally, 80% of the original phosphorus is extracted at 250 ◦C, leaving 20% of
the original phosphorus within the bio-coal. Similar ratios of magnesium are extracted as seen for
the phosphorus using sulphuric acid. Aluminium and copper appear to remain within the bio-coal
irrespective of temperature and pH.

The additional removal of the metals with the addition of sulphuric acid is due to the high
dissociation constant of sulphuric acid, which is a strong acid and forms hydronium ions in two
stages, with the initial loss of a hydrogen (Equation (4)) and the subsequent decomposition of the
bi-sulphate (Equation (5)). Here, 0.1 molar sulphuric acid gives a pH of 1, but the same pH is possible
using the same concentration of other strong mineral acids such as hydrochloric acid, or higher
concentrations of weaker acids such as acetic acid which only partially dissociate (hence, pH 2.88
at the same molar concentration). The justification for using acid catalysts in HTC, according to
Ekpo et al. [8] and Dai et al. [2,7], is to principally mobilise the phosphorus into the aqueous phase
for subsequent recovery. The relatively low extraction of phosphorus in water at 120 ◦C would
suggest that phosphorus is present as low-solubility salts such as calcium and magnesium phosphate.
The high concentrations of hydronium ions generated by the sulphuric acid are required for the acid
leaching of the phosphorus, with the mechanism for acid leaching of calcium given in Equation (6).
With sulphuric acid, the calcium is converted to calcium sulphate (see Equation (7)) liberating the
phosphorus as phosphoric acid [50]. Similar phosphorus extraction is possible using hydrochloric acid,
although, when leaching iron ores, slightly higher efficiency is observed for sulphuric acid [50]. Greater
calcium extraction may be possible using hydrochloric acid, as calcium chloride is more water-soluble
than calcium sulphate (745 g/L as opposed to 2.6 g/L at standard temperature and pressure (STP)).
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This could explain the higher retention of calcium in the bio-coal when compared with magnesium,
calcium, phosphorus, manganese, iron, and zinc, as the process water may be saturated once cooled to
room temperature.

H2SO4 + H2O→ H3O+ + HSO4
− K1 = 2.4 × 106 (strong acid) (4)

HSO4
− + H2O→ H3O+ + HSO4

− K2 = 1.0 × 10−2 (5)

Ca10(PO4)6X(s) + 20H+ = 6H3PO4 + 10Ca2+ + H2X (6)

Ca2+ + SO4
2− = CaSO4. (7)

3.3. Influence of pH on Fuel Combustion Chemistry

Table 5 gives the energy content, the volatile content, and the results of slagging and fouling
indices derived from the inorganic chemistry are given in Table 4. The results show that the reaction
temperature has the biggest impact on the energy content of the fuel, irrespective of the pH. The results
indicate that HTC with sodium hydroxide gives the lowest energy density at all temperatures, and that
undertaking HTC in the presence of acids at decreasing pH increases the HHV of the bio-coal,
as demonstrated in Ghanim et al. [15]. The highest HHV is observed for acetic and formic acid
due to their higher carbon contents, due to the increased carbon within the hydrothermal reaction,
as previously discussed; however, there still appears a trend of increasing HHV with decreasing pH.

Table 5. Energy content, volatile content, and slagging and fouling indices for the bio-coals.
HHV—higher heating value.

Sample Name
Dry Basis

HHV (MJ/kg) Volatile Matter (%) Fixed Matter (%) AI BAI R b
a

Unprocessed Pig Manure 15.8 64.8 22.6 1.17 0.08 8.54

Sodium Hydroxide 120 ◦C 14.9 70.9 18.1 0.86 0.14 9.05
Sodium Hydroxide 170 ◦C 16.7 67.9 16.7 0.54 0.27 8.76
Sodium Hydroxide 200 ◦C 18.9 62.8 18.8 0.25 0.55 9.91
Sodium Hydroxide 250 ◦C 21.0 48.3 22.4 0.09 2.55 5.76

Water 120 ◦C 17.3 76.9 16.9 0.13 0.90 6.63
Water 170 ◦C 17.6 68.3 18.9 0.09 1.55 8.73
Water 200 ◦C 19.8 65.7 20.3 0.05 1.92 8.31
Water 250 ◦C 22.1 54.0 27.0 0.02 6.92 9.32

Acetic Acid 120 ◦C 16.1 69.9 17.1 0.18 0.73 4.97
Acetic Acid 170 ◦C 18.1 67.3 17.8 0.04 3.29 6.81
Acetic Acid 200 ◦C 19.2 63.2 21.0 0.04 2.80 8.52
Acetic Acid 250 ◦C 23.8 53.4 26.2 0.03 5.19 10.44

Formic Acid 120 ◦C 16.5 73.5 16.9 0.10 1.39 4.27
Formic Acid 170 ◦C 19.8 69.3 18.1 0.05 1.90 6.19
Formic Acid 200 ◦C 19.6 63.4 21.1 0.05 2.12 7.72
Formic Acid 250 ◦C 23.6 55.4 25.8 0.06 2.72 8.35

Sulphuric Acid 120 ◦C 17.9 77.7 16.4 0.11 0.36 2.66
Sulphuric Acid 170 ◦C 19.8 74.3 14.8 0.10 0.44 3.67
Sulphuric Acid 200 ◦C 20.6 66.7 20.9 0.09 0.58 3.91
Sulphuric Acid 250 ◦C 23.2 56.3 28.7 0.02 3.28 6.41

The volatile matter content of the bio-coal is also given in Table 5. The volatile matter content is
important for predicting combustion behaviour, as, during combustion, the volatiles prevent oxygen
from oxidising the carbon, hydrogen, and sulphur present within the fuel particle, bringing about
two-stage combustion within a furnace [51]. Moreover, the escaping volatiles burn much more
quickly than the char (the fraction remaining after devolatilisation); therefore, understanding the
devolatilisation behaviour of a fuel is important in terms of flame ignition, flame stability, flammability
limits, and the formation of pollutants such as nitrogen oxides [52]. The volatile content is also useful
when determining the equivalent coal rank, with coals with higher ranks having lower volatile contents.
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The volatile content appears to be most strongly influenced by reaction temperature, with lower
volatile content with increasing reaction temperature. Figure 2 shows the combustion profiles of
the bio-coals following different treatments, with the 120 ◦C, 170 ◦C, and 200 ◦C treatments giving a
distinct volatile burn peak at around 300 ◦C. By the 250 ◦C treatments, this peak is all but removed
from the profiles of all fuel. For lignocellulosic biomass combustion, the volatile burn is often closely
associated with the thermal decomposition of the hemi-cellulose and cellulose [53,54]. Hemi-cellulose
and cellulose are readily degraded at hydrothermal temperatures of 180 ◦C and 200 ◦C, respectively [55],
and the distinct volatile burn peak at around 300 ◦C is normally consistent with the presence of cellulose
within a fuel [29,30]. This would then suggest the presence, and removal, of fibrous material within
the pig manure in a similar manor to that seen for lignocellulosic biomass.

The results presented in Ghanim et al. [15] stated that low pH with sulphuric acid brought higher
volatile matter contents in the bio-coal; however, this contradicts the findings in Chen et al. [46],
who used sulphuric acid and bagasse and found the inverse. The volatile contents presented in Table 5
would initially support the findings of Ghanim et al. [15]; however, the reason that the volatile matter
appears to increase is due to the decrease in ash content of the fuel, increasing the relative amount
of volatile matter present. Due to the variation between ash contents with differing pH, the volatile
contents are calculated on a dry ash free basis in Table 3 to enable direct comparisons between the
volatile chemistry of the different treatments. These results show there is little change between pH,
perhaps even suggesting a small decrease in the volatile matter content of the 250 ◦C treatments with
decreasing pH. In the work presented in Chen et al. [46], the fuel was considerably lower in ash than the
samples used in Ghanim et al. [15]; thus, there would not be the apparent increase due to the decrease
in ash content of the fuel. Consequently, the results presented here would support the findings of
both studies.

Combustion of these HTC bio-coals is considered as a coal substitute for coal-powered power
plants, enabling utilisation of pre-existing infrastructure. Coal-powered power plants are usually
designed to burn a specific type of coal, normally a coal obtained in and around the locality of the plant.
Consequently, power stations have a design fuel specification that sets out, amongst others, the ash
content, energy content, particle size, and slagging and fouling properties of the fuel. When changing
from a design fuel specification, care is required to ensure that the new fuel achieves a stable flame,
required to ensure safe boiler operation [56]. Biomass often has different combustion characteristics to
that of coal, principally due to a higher proportion of volatile carbon and a much smaller char fraction
than those seen in coals [57]. When burning high volatile fuels, combustion starts with the ignition of
volatile gases surrounding the fuel particle and prevents oxygen from reaching and igniting the char,
resulting in a two-phase combustion called homogeneous ignition, whereas, for typical coals used
in pulverised fuel applications, devolatilisation, ignition, and combustion of the volatiles and char
combustion occur almost simultaneously [58]. Issues with two-phase combustion occur when you
start getting two areas of burning within the furnace that can then draw the flame from the burner and
higher in the furnace, bringing about flame instability [52]. This can be a particular issue when co-firing
biomass fuels with coal or two fuels with different burning characteristics, as mismatched burning
characteristics can result in two fuels burning independently within a furnace. In this instance, the rate
of burning (flame velocity) may not match the rate of material feed, leading to the flame either blowing
out or flashing back [56]. Thermogravimetric analysis (TGA) is one method originally developed to
compare and evaluate fuel burning characteristics using the first derivative thermogravimetric (DTG)
curve [52]. When undertaking this test, five key characteristic temperatures are taken, which were
developed from the Babcock and Wilcox TGA method for coal and adapted to biomass. The first
temperature is the volatile initiation temperature, where the weight loss begins. The second temperature
is peak volatile burn, where you get the highest rate of mass loss during devolatilisation. The third
temperature is the char initiation temperature, where the rate of combustion changes due to the onset
of char combustion. The fourth temperature is peak char burn temperature. The fifth temperature is
the burn-out temperature where the weight is constant, indicating the completion of combustion [52].
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Figure 2 shows the DTG combustion profiles of the bio-coals following different treatments.
For the 120 ◦C treatment, the acids reduce the first initiation temperature, with weight loss starting
at 160 ◦C for the three acid treatments but 200 ◦C for the water and alkali treatment. For the water,
acetic acid, and formic acid treatments, there appears to be an initial peak at 300 ◦C, which can be
constant with the presence of a fibrous component, such as hemi-cellulose, followed by a larger
second peak at 325 ◦C, which is typically associated with cellulose in lignocellulosic biomass [29,30].
This peak is the peak volatile burn. For the sulphuric acid 120 ◦C sample, there does not appear
to be a distinct peak where the “hemi-cellulose-like” material decomposes, but the presence of a
shoulder at 300 ◦C. A higher mass loss is observed between 160 ◦C and 300 ◦C than any other sample,
which may suggest that this component is still present but partially hydrolysed, resulting in it thermally
decomposing earlier. The sodium hydroxide treatment has only one distinct volatile peak, peaking at
about 300 ◦C. This result is most likely a consequence of the strong basic conditions degrading the
“hemi-cellulose-like” material observed with the strong acid conditions, but the high sodium and
potassium contents of the fuel (see Table 4) could also be catalysing the volatile burn, giving a different
combustion profile [59]. Both the sodium hydroxide and the sulphuric acid treatments have higher
char burn temperatures with temperatures of 500 ◦C, as opposed to 450 ◦C for the other treatments.
The burnout temperature is similar at 580 ◦C for all treatments.

As the process severity increases, the profiles for 170 ◦C, 200 ◦C, and 250 ◦C retain the first initiation
temperature of 160 ◦C, and a new initial peak begins to arise at 235 ◦C for the water and acids, initially
starting in the 170 ◦C profile but becoming increasingly pronounced in the 250 ◦C profile. This peak
represents potentially hydrolysed or repolymerised structures chemisorbed to oxygen functional
groups on the char surface, yet to dehydrate to form the stable ether or pyrone functional groups
required to fix the carbon in the fixed carbon [41]. This peak does not appear in the sodium hydroxide
profiles, which has a different combustion profile to that of the water and acid samples, particularly
with regard to the volatile burn in the 170 ◦C and 200 ◦C profiles, potentially due to the influence of
sodium (alkali metals) on catalysing devolatilisation and combustion [59–61]. For all the 170 ◦C and
200 ◦C combustion profiles, the main volatile peak becomes increasingly dominant at 325 ◦C, although,
upon reducing its dominance in the 200 ◦C profiles, the volatile content within the fuel decreases
and the fixed matter increases (see Table 5). The increasing dominance of this peak is most likely
due to the removal of hydroxyl, carboxyl, and carbonyl groups present within the biomass, along
with any structural components that are hydrolysed at lower temperatures such as hemi-cellulose in
any cellulosic material present [3,54]. The peak at 325 ◦C is constant with the presence of residual
cellulose and the breaking of its glyosidic linkages [30]. By the 250 ◦C treatments, the samples adopt a
“coal-like” single-stage combustion profile [29], whereby the transition between the volatile release
and initiation of char burn (char initiation temperature) is marked more by a “shoulder” as opposed
to a distinct peak. This shoulder becomes less distinct with lower pH and correlates with a modest
reduction in volatile matter.

The benefit of creating a more “coal-like” burning profile is that it aids flame stability. As previously
discussed, when there is a two-stage burn, as seen in the burning profiles for the 120 ◦C treatments
in Figure 2, you get homogeneous combustion, whereby the volatile burn and char burn occur in
isolation. In this case, upon drying and devolatilisation, the fuel particle can become entrained in
the gas stream and move higher in the furnace while still burning, drawing the flame upward and
promoting flame instability [52]. With the single-stage “coal-like” profiles seen in the 250 ◦C treatments
in Figure 2, the devolatilisation, ignition, and combustion of the volatiles do not occur in isolation;
instead, the char should oxidise/combust at the same time (heterogeneous reaction), promoting a
simultaneous combustion of the fuel mass and a stable flame [57].

In all the profiles, with increasing reaction severity, lower pH increases char burnout temperature.
This is particularly notable at 250 ◦C as the peak temperature (char burn) increases from 400 ◦C for
the sodium hydroxide (pH 13) to 500 ◦C for the sulphuric acid (pH 1). This result would suggest
that pH influences reactivity of the char. There is strong consensus in the literature that the alkali

99



Energies 2020, 13, 331

metals, potassium and sodium, catalyse char reactivity [59,60,62,63], although the concentrations
of alkali metals appears similar for the 250 ◦C bio-coals (see Table 4). The alkaline earth metals,
calcium and magnesium, are understood to catalyse char reactivity but to a lesser extent than the alkali
metals [63–65], with iron known to behave using similar mechanisms [66]. Given that pH appears to
more strongly influence alkaline earth metal content, with higher calcium and magnesium contents,
along with iron, associated with higher pH (see Table 4), it is possible that the higher concentrations at
higher pH catalyse the thermal decomposition.

Figure 3 displays the ash transition temperatures obtained from the ash fusion test for the four
different temperatures and five different pH values. Table 6 gives the transition temperatures for all
samples, along with the unprocessed sample, and their standard errors. The results suggest that the
unprocessed swine manure has a reasonably high deformation temperature of 1320 ◦C, compared to
between 980 ◦C and 1140 ◦C for the conventional Miscanthus [26,29]. Despite this result, the shagging
and fouling indices suggest almost certain flagging and fouling for these samples. The results of
the ash fusion test certainly would suggest a low slagging fuel, possibly due to the high calcium
and phosphorus content of the fuel. This would strongly suggest that calcium potassium phosphate
complexes and calcium sodium phosphate complexes remove the potassium and sodium available to
form low-melting-temperature potassium and sodium silicates [31,32]. A high ash melting temperature
is usually indicative of a low alkali metal content and, thus, low fouling propensity temperatures [16],
although caution is required here. The results of the 120 ◦C treatment with water would suggest that
around 90% of the sodium and potassium in the fuel is in the form of free ionic salts. Potassium and
sodium, when in the form of free ionic salts, are more readily released into the vapour phase and likely
to bring about issues with fouling [16,67,68]. The high calcium and phosphorus content of the fuel may,
however, prevent this release, instead forming the stable calcium potassium phosphate complexes and
calcium sodium phosphate complexes [69]. The slagging and fouling indices used in this paper would
not consider such mechanisms when predicting the fuel propensity to slag and foul.

Figure 3. Ash transition temperatures from the ash fusion test for the different treatments at differing
hydrothermal treatment temperatures.
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Table 6. Ash transition temperatures from the ash fusion test.

Sample Name
Ash Transition Temperature (◦C)

Shrinkage Deformation Hemisphere Flow

Unprocessed 1260 ± 0 1320 ± 0 1380 ± 0 1500 ± 0

Sodium Hydroxide 120 ◦C 1140 ± 0 1510 ± 0 1560 ± 10 >1570
Sodium Hydroxide 170 ◦C 1330 ± 0 1460 ± 20 1500 ± 10 >1570
Sodium Hydroxide 200 ◦C 1040 ± 0 1380 ± 10 1420 ± 0 1530 ± 0
Sodium Hydroxide 250 ◦C 1100 ± 0 1290 ± 0 1300 ± 0 1360 ± 0

Water 120 ◦C 1070 ± 0 1440 ± 0 1480 ± 0 1520 ± 0
Water 170 ◦C 1120 ± 0 1340 ± 0 1360 ± 0 1490 ± 0
Water 200 ◦C 1000 ± 0 1340 ± 0 1370 ± 0 1430 ± 0
Water 250 ◦C 1040 ± 0 1300 ± 0 1350 ± 0 1410 ± 0

Acetic Acid 120 ◦C 1100 ± 0 1290 ± 0 1330 ± 0 1370 ± 0
Acetic Acid 170 ◦C 1100 ± 0 134 ± 00 1370 ± 0 1410 ± 0
Acetic Acid 200 ◦C 1160 ± 0 1310 ± 0 1370 ± 0 1410 ± 0
Acetic Acid 250 ◦C 1000 ± 0 1310 ± 0 1370 ± 0 1420 ± 0

Formic Acid 120 ◦C 970 ± 0 1320 ± 0 1360 ± 0 1400 ± 0
Formic Acid 170 ◦C 1080 ± 0 1350 ± 0 1380 ± 0 1420 ± 0
Formic Acid 200 ◦C 1040 ± 0 1370 ± 0 1400 ± 0 1440 ± 0
Formic Acid 250 ◦C 1270 ± 0 1320 ± 0 1360 ± 0 1410 ± 0

Sulphuric Acid 120 ◦C 960 ± 0 1400 ± 80 1460 ± 60 1520 ± 20
Sulphuric Acid 170 ◦C 990 ± 0 129 ± 00 1545 ± 5 1560 ± 0
Sulphuric Acid 200 ◦C 880 ± 0 1340 ± 0 1350 ± 0 1390 ± 0
Sulphuric Acid 250 ◦C 1010 ± 0 >1570

For the hydrothermally treated samples, the results show that ash shrinkage temperature is
reduced; however, this is believed to be due to formation of carbonates during the hydrothermal
process [26,28,29]. The deformation and hemisphere temperatures, however, appear to change
reasonably little, indicating limited change to slagging propensity. The exception to this is the
low-temperature sodium hydroxide-treated samples and the 250 ◦C treated sulphuric acid sample.
The 120 ◦C, 170 ◦C, and 200 ◦C sodium hydroxide samples are suppressing, given that these are the
only hydrothermal samples where the alkali index (given in Table 5) suggests almost certain slagging
and fouling. Sodium and potassium contents are, however reduced, when compared to the starting
feedstock, which may explain this increase.

In the 250 ◦C treated sulphuric acid sample, there is the greatest improvement in ash behaviour
with the sample not undergoing deformation within the test conditions (test limit 1570 ◦C). This is
predominantly due to the ash becoming a highly stable magnesium calcium phosphate silicate complex.
It should be noted that the sulphuric acid samples acquire sulphur from the acid, which makes
up 3.4% (db) of the fuel. Sulphur can play both a positive and a negative role during combustion in
large combustion plants. During combustion, sulphur is predominantly oxidised to sulphur dioxide
(SO2) (>95%), but some sulphur trioxide (SO3) is also formed [16]. While the sulphur dioxide plays
an undesirable role in terms of corrosion, active oxidation of furnace components, and emissions
of sulphur dioxide to the atmosphere (unless abated using flue gas desulphurisation) [17], sulphur
trioxide plays an important role in the abatement of particulate emissions. This is due to the thermally
derived sulphur trioxide forming sulphuric acid in the flue gas, which then adsorbs onto the fly ash
particulates [70]. This affects the surface electrical conductivity of the particulate, greatly increasing the
efficiency of the electrostatic pacificators [71]. This could be particularly advantageous for the 250 ◦C
treated sulphuric acid sample, given that potential to emit (PTE) metals (strontium, copper, and zinc)
are present within the swine manure and the derived hydrothermal fuels. Precipitation of these in the
fly ash would be required to avoid issues with emissions.

When combusting fuel in pulverised applications, fuel sulphur is desirable as, while sulphur
emissions are largely in the form of sulphur dioxide, when a fuel with high sulphur content is
combusted, there is generally enough sulphur trioxide formed to bring the electrical resistivity of
the fly ash into a range which results in good precipitator operation [72]. This can be a particular
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issue with biomass, which is typically low in sulphur and results in a very low collection efficiency of
electrostatic pacificators [72]; consequently, biomass-fuelled furnaces, such as Drax (UK), add sulphur
to overcome this. The sulphur content of the 250 ◦C treated sulphuric acid sample is typically too high
for single-fuel combustion; however, if blended with low sulphur biofuels or coal, this sulphur content
could be brought within “design fuel” specification. Moreover, the magnesium calcium phosphate
silicate ash of the fuel would have an additive influence and could improve the slagging and fouling
propensity of the blended biomass and coal. Consequently, with blending, the 250 ◦C treated sulphuric
acid fuel could be safely combusted within the pulverised fuel plant if appropriately blended.

4. Conclusions

The influence of pH most strongly influences ash chemistry, with decreasing pH increasing the
removal of ash. This reduction in ash has the biggest influence on the volatile carbon and energy content
of the fuel, with lower ash contents bringing about higher energy densities when calculated on a dry
basis for a given temperature. The pH also influences dehydration, with fuel dehydration increased
with decreasing pH, although, with increasing temperature, the influence pH has on dehydration
becomes less. The pH and temperature appear to influence yield, with lower pH increasing yields
above 250 ◦C but decreasing yields below 200 ◦C. The lower yields below 200 ◦C appear due to the
acids catalysing hydrolysis of “cellulose-like” fibres within the swine manure, whereas the higher
yields at 250 ◦C could be due to the low pH catalysing polymerisation due to its influence on the
electrokinetic potential of the hydrothermal suspension.

The water experiments at 120 ◦C would suggest that around 90% of the sodium and potassium is
in free ionic form within the pig manure, along with 40% of the magnesium and 25% of the phosphorus.
This free ionic sodium and potassium are more readily released into the vapour phase, and they
are likely to bring about issues with fouling if combusted. Slagging and fouling indices suggest
that they cannot be safely combusted without treatment. Nonetheless, the ash fusion test suggests
reasonably high deformation temperatures, suggesting low slagging and fouling. This paradox is
brought about through the high calcium and phosphorus content of the fuel forming the stable
calcium potassium/sodium phosphate complexes. Hydrothermally treating the fuels achieves almost
complete removal of sodium and potassium and their associated issues with fouling. Increasing
reaction temperature appears to immobilise calcium, magnesium, iron, zinc, and phosphorus within
the bio-coal unless treated at low pH, which enables mobilisation of the phosphorus and alkaline earth
metals. Treatment at 250 ◦C results in a more coal-like combustion fuel, with fuel properties similar
to that of lignite coal and an HHV between 21 and 23 MJ/kg depending on pH. The removal of the
alkaline earth metals and iron reduces the reactivity of the fuel treated at pH 1. Despite the mobilisation
of calcium and phosphorus using strong acid, sufficient calcium and phosphorus is retained within
the ash to give very favourable ash chemistry in terms of slagging and fouling. The use of sulphuric
acid does result in residual sulphur within the fuel; however, this sulphur may be beneficial due to
the influence that thermally derived sulphur trioxide has on the collection efficiency of electrostatic
precipitators and particulate removal, if appropriately blended with another low-sulphur fuel.
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Abstract: In this research, the idea of multicomponent, one-vessel cleaning of syngas through
simultaneous dedusting and adsorption is described. Data presented were obtained with the use
of a pilot-scale 60 kWth fixed-bed GazEla reactor, coupled with a dry gas cleaning unit where
mineral sorbents are injected into raw syngas at 500–650 ◦C, before dedusting at ceramic filters.
The research primarily presents results of the application of four calcined sorbents, i.e., chalk (CaO),
dolomite (MgO–CaO), halloysite (AlO–MgO–FeO), and kaolinite (AlO–MgO) for high-temperature
(HT) adsorption of impurities contained in syngas from gasification of biomass. An emphasis on data
regarding the stability of the filtration process is provided since the addition of coating and co-filtering
materials is often necessary for keeping the filtration of syngas stable, in industrial applications.

Keywords: adsorption; biomass; ceramic filter; gasification; hot-gas cleaning

1. Introduction

For most small- and medium-scale applications of gasification technology, the gasified feedstock
is either bio-based or, more preferably, derived from waste feedstocks such as solid recovered fuel
(SRF), lignin, or sewage sludge [1,2]. In the case of most waste-derived feedstocks, the step of their
thermochemical conversion is more demanding than commonly encountered for conventional, clean
biomass. The problems are mostly encountered in the operation of reactors; however, the use of waste
materials also introduces major changes in the way the syngas needs to be purified. Importantly
though, where the control and efficiency of a gasifier is the most important aspect for the operation
of any gasification installation, it is the possibility to clean the produced syngas that renders the
whole operation economically and environmentally sound. With the increasing complexity of syngas
application, the complexity of its purification also increases. In general, direct combustion requires
only marginal gas cleaning, which can often be limited merely to dedusting in cyclones, while,
for reciprocating or gas-turbine engines, complete removal of fines, deep removal of condensing species
(tars, light organics, and water), and careful control of the content of acidic species are demanded. By far,
the most advanced applications of syngas are chemical synthesis (methanation, Fisher-Tropsch) and
fuel cells, both of which demand almost complete removal of any contaminants [3]. It is compulsory,
then, to devise such gas cleaning systems so that three major goals are simultaneously obtained.
The first is to achieve the required cleanliness of the gas. The second is to perform the process with the
least environmental impact, while the third connects with the economic aspect of the investment. Thus,
the third issue not being technologically limiting remains crucial when developing new technologies.

Due to the progress achieved in gasification and gas cleaning technologies over the past 30 years,
today, we most often see that it is the economy that holds back the development of many gasification
installations rather than their technical or technological limitations. The fact is that, depending on a
given case, from technological and technical standpoints, different feedstocks perform better in different
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types of reactors. Thus, the choice of gasifier can determine the whole installation’s success or failure.
Furthermore, gas cleaning units are developed for a given gasifier and feedstock, not vice versa. It is
also well established that gas cleaning with a combination of the following methods provides the best
performance in the widest area of syngas cleaning applications: catalytic upgrading, high-temperature
(HT) dedusting on barrier filters, wet scrubbing, and final polishing with dry adsorption methods [4].
These advanced solutions are compulsory for high-value end products obtained from syngas. However,
at the same time, they tend to lower the profitability of installations in applications where low-value
products, such as heat and power, are produced. Currently, in many developing countries such
as Poland, it is the eco-friendly, renewable generation of electrical power that shapes the scene in
terms of political decision-making and market development initiatives much more firmly than the
drive toward, e.g., production of liquid biofuels. To make progress in the amount of waste biomass,
SRF, or sewage sludge utilized for power generation, it is vital then to take advantage of small- and
medium-scale distributed gasification installations, which offer better efficiencies, flexibilities, costs,
and environmental impact than conventional combustion methods. For these reasons, development of
gas cleaning methods that provide the above-mentioned benefits needs to be done.

The article describes the concept of an adsorption technology tested for HT cleaning of syngas
derived from the gasification of biomass. The concept is based on the use of a multi-component
cleaning method performed in one reactor vessel, where a hot-gas ceramic candle filter is precoated
with naturally occurring cheap and abundant minerals. Multi-component cleaning solutions greatly
improve the reliability and efficiency of thermochemical conversion plants, while also lowering their
footprint. HT, raw syngas coming out from a reactor contains the highest amount of contaminants,
which makes its cleaning most efficient. Furthermore, because HT dedusting is most of the time the
first step of syngas cleaning, it is interesting to develop a method for simultaneous removal of not only
dust particles but also other contaminants. For this reason, it is proposed to inject adsorbents upstream
of ceramic filters and, thus, to conduct the adsorption process on a continuously regenerated bed of
filter cake composed of char, ash, and the adsorbent material itself. This concept has multiple potential
merits. The most important ones are the complete removal of solids and the possibility to reduce the
amount of Cl, S, and tar species.

Firstly, it is noteworthy that, after the gasification process, both chars and ashes entrained in
syngas have substantially activated surface area and, thus, can act as a sorbent for contaminants.
This phenomenon is currently thoroughly researched since major improvements in fixed-bed gasifiers
are possible this way. Nakamura et al. [4] proposed the use of gasification by-products as a means
for process gas cleaning. In the system, the use of water–tar condensate as a washing medium in
a scrubber and char in the form of a fixed-bed adsorber was tested. The results showed that the
scrubber efficiency for tar removal reached its optimum at 50%; however, the efficiency of the char
adsorber reached over 81%. Furthermore, Yafei et al., in their work, reviewed and studied the concept
of closing the management cycle for tar, char, and heavy-metal gasification by-products through
integrated concepts [5]. In the study, the pathway for using gasification- or pyrolysis-based chars
as support for adsorption of heavy metals and their subsequent use (after deactivation) for catalytic
elimination of tars was presented. Finally, the closure of the tar/char management cycle was proposed
through the use of catalytic gasification of the spent catalyst. In this way, it is possible to recover C
from the catalyst as syngas and the heavy metals as bottom ash. However, the most straightforward
and visual way of using creative design of thermochemical processes to use the characteristics of
gasification char was presented by Obernberger et al. [6]. The study showed that it is possible to use a
two-stage gasification–combustion method for the energetic use of waste biomasses of low ash melting
temperatures for highly efficient generation of heat with unprecedentedly low emissions of CO, total
organic carbon, and particulate matter. Here, the process layout resembles a common updraft gasifier
with a gas combustion chamber that is fitted just above the fixed bed. However, the obtained in-bed
temperature profile is distinctly different for the char/biomass bed to act as adsorber/filter and not to
produce excessive amounts of tars, as is often encountered in conventional updraft gasifiers.

108



Energies 2020, 13, 1528

Furthermore, process conditions where most syngas ceramic filters are commonly operated induce
the need to use auxiliary co-filtering materials in the first place. The inert materials increase the filter’s
particle collection efficiency, as well as keeping the pressure-drop low. Such inerts are mostly based on
fine powders composed of SiO or CaO. Through this “co-filtration” effect, it is often possible to keep
dedusting of hot syngases stable, where filtration of char alone leads to a constant rise of pressure drop
on the filter. Due to its higher thermal stability and flowability, the inert material eases pulse-back
regeneration of the filter, while collecting part of the polymerizing tar and condensing mineral matter,
thus preventing the clogging of filter pores. By changing the inert solid for materials that exhibit
chemical activity in the process condition, it is possible to perform high-temperature, dry scrubbing
of syngas.

In the proposed system, the sorbent is injected upstream of the ceramic filter through a Venturi
nozzle. This method assures good mixing of the solid and syngas in the turbulent region of the filter
intake. In the first step, the adsorption takes place in a diluted two-phase system, where contact time is
extended by the design of the dirty plenum of the filter. Importantly, the particle size distribution of
the sorbents needs to be controlled to avoid disengagement of the sorbent from syngas before reaching
the surface of the filter cake. The adsorption process is finalized in thorough cleaning on a fixed-bed
layer composed of the filter cake which collects on the surface of the ceramic filters. When adsorption
on the filter cake is considered, a few differences render the process distinctive from a conventional
adsorption set-up. Firstly, filters applied in the filtration of gases are mostly developed to operate at as
high linear gas velocities as possible (face velocity). However, in HT applications, to keep them stable,
the units need to be run in the range of face velocities much lower than nominal for low-temperature
bag filters. Values from 0.5 to 3.0 cm/s often provide the lowest operational and investment costs for
hot gas filters, while keeping the process stable. In adsorption processes, hourly spaced gas velocity
(HSGV) can be thought of as a parameter comparable to face velocity in filters because, here, the filter
cake is the active bed composed of the sorbent material. For adsorption to be efficient, the HSGV in
fixed-beds should be kept in the range from 0.2 to 0.5 m/s with a contact time of approximately 3 s [7].
To get close to the above-mentioned standards, it is necessary to lower the filtration velocity to minimal
values and increase the thickness of filter cake. In practice, reaching the benchmark with the use of
ceramic filters is technically impossible.

For the pilot installation used in the research, the ceramic filter integrated with the pilot GazEla
gas generator was designed to be operated at 0.5 to 1.0 cm/s. Depending on the operational conditions
of the filter, the thickness of its filter cake should range from 1 mm for freshly pre-coated new filters
up to 6 to 8 mm when the filter is run with candles not regenerated regularly. Realistically speaking,
this set-up may provide from a minimum of 0.2 s up to a maximum of 1 s of contact time between
the gas phase and solid phase of the filter cake with an average of 0.5 s. Such residence times should
be considered as low values for fixed-bed adsorbers; however, they are more than reasonable for
many fluidized bed (FB) units [7]. In the proposed system, the first stage of adsorption resembles
FB adsorption in a diluted circulating fluidized bed (CFB), as the adsorption process starts from the
moment the sorbent is injected into syngas. For the pilot installation, the contact time for the first stage
of adsorption can reach up to a few seconds depending on the reactor power.

The second reason why the HT filtration/adsorption system cannot be directly compared to any of
the two above-mentioned systems is the particle size of sorbents that build up the filter cake. Preferably,
for the filter, the sorbent particle size distribution should range from 15 to 50 μm, which makes it
10-fold smaller than sorbents used in FB reactors and more than 1000-fold smaller in comparison to
fixed-bed units.

Moreover, it is important that, after a regeneration cycle takes place, part of the surface of the
filters is stripped of the filter cake. If the regeneration is too harsh, the thickness of the cake may be
reduced to the point where both particles and other contaminants slip through the filter, thus impairing
the efficiency of cleaning. Furthermore, as mentioned above, the filter cake only partially consists
of the dedicated adsorbent, whereas the rest of the cake is composed of char and ash filtered from
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the syngas. Both ash and char are transported through a gasifier; thus, their surface is activated to
some extent, which has a positive effect on the adsorption efficiency. Sorption in the filter cake also
brings forward another relation. The thickness of the cake positively influences the efficiencies of both
dedusting and adsorption, while increasing pressure drop (dP) across the vessel. Thus, the importance
of precise control of the regeneration process is vital here.

Research presented in this paper focused on the collection of process data and operational
experience. However, to assess the efficiency of the method, it also leaned into the determination of
adequate analytical procedures. In contrast to flue gas cleaning systems, the problem of qualitative
and quantitative determination of cleaning efficiencies of syngas cleaning units is still demanding
and by no means should be regarded as trivial. This issue is even more pronounced when research is
performed in real conditions and on a small scale, which brings forward many technical limitations
that are not present in lab-scale installations.

The extent to which the syngas needs to undergo cleaning is determined by the type of feedstock,
the type of gasification reactor, and the of the final application. Generally speaking, when the reactor is
treated as an equilibrium black box, its products are always the same and depend only on process
efficiency, temperature, pressure, type of gasifying agent used, etc. Thus, models often do not take
into account the recognition of the type of gasifier used. However, in reality, differences between
the gasification processes run at fixed, fluidized, or entrained beds are substantial and decide the
composition of generated syngas. As far as contaminants of syngas are concerned, their generation in
gasifiers takes place mainly due to volatilization from the solid phase and subsequent gas–gas and
gas–solid reactions. Due to different process conditions taking place in gasifiers, differences in syngas
composition are pronounced. For fixed-bed reactors, a readsorption of contaminants on activated
char and ash present in the bed is observed [8]. For FB, on the other hand, the amount of char in the
bed is small, but the bed is often composed of a material which can influence the process through
catalysis or sorption. For example, in FB reactors, olivine is a frequently used as a bed material for in
situ tar reforming, and CaO beds are used for CO2 removal from syngas [9,10]. Finally, entrained flow
reactors are operated at very high temperatures that can lead to very clean syngases through the almost
complete conversion of tars and collection of containments in the form of vitrified slag [11]. For the
Institute for Chemical Processing of Coal (IChPW), the choice of fixed-bed reactor systems was done
based on the scale of solution sought by the market and the intrinsic characteristics of fixed-bed units,
meaning their ease of operation, robustness, flexibility, and ability to use the bed for active removal
of contaminants from syngas. In fixed-bed reactors, char is activated by process conditions and acts
as the sorbent material. For example, in laboratory conditions, it was shown that, inside gasifiers,
chlorine can be almost fully volatilized (>90%) from fuel and, thus, is a constituent of raw syngas.
In the case of S, it rarely undergoes complete volatilization in the reactor and, on average, 50% of S
from biomass remains in the bottom ash from the reactor even at temperatures reaching 1000 ◦C [12].
On the other hand, alkalis, such as potassium, almost exclusively volatilize with correlation to Cl.
Therefore, if Cl content of the biomass is low, K mostly remains in the bottom ash. Other elements
that tend to volatilize under gasification conditions are mainly Na, Ca, Si, Mg, P, and Al; thus, in this
research, their content in the filter cake was the subject of examination. Okuno et al. [13] suggested
that alkali and alkali earth metals (AAEM) leave gasifier mostly in correlation with water-insoluble tar
and, thus, with aromatic compounds that are derivatives of benzene, xylene, furfural, and naphthalene
in the syngas [14,15]. These compounds remain gaseous under gasification and HT gas cleaning
conditions; hence, their enhanced recovery in filer cake is a sign of adsorption from the gas phase.
Moreover, Sonoyama et al. [16] showed that AAEM species have high affinity to bonding with char in
fixed-bed conditions unless the flow of gas is significant enough to force them to pass through the
bed. In their research, helium was used as the carrier gas; however, the principle also applies to the
research presented in this paper. These results showed that volatile AAEM species undergo repeated
adsorption/desorption cycles on the surface of the char bed; thus, their readsorption on filter cake
should also be visible. In the study, the authors experimentally verify the theoretical possibility of
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removing the following contaminants from syngas with the use of a combined process of HT filtration
and sorption: hydrogen sulfide, hydrogen halides, ammonia, AAEMs, heavy metals, and tars on the
surface particles collected in the filter cake.

2. Materials and Methods

2.1. Characteristics of Gasified Feedstock

For all testing, conventional wood chips from alder trees obtained from local wood mills were
used. For adsorption tests, the wood chips were not dried or sieved before feeding into the gasifier.
The particle size of the chips was consistent (ca. 20 × 20 × 8). Their moisture content was checked
regularly. Due to similar storage conditions, the fuel was air-dried and had on average 18% of moisture
content in the working state. Table 1 presented below summarizes the proximate and ultimate analysis
of the fuel (analytical state). Later in the study, experiments connected with the stability of filtration
were also conducted, in which the moisture content of the feedstock was regulated.

Table 1. Proximate and ultimate analysis of wood chips gasified in GazEla reactor (a—analytical state,
ar—as received =working state).

Ca

wt.%
Ha

wt.%
Na

wt.%
Sa

wt.%
Cla

wt.%
Fa

wt.%
H2Oa

wt.%
H2Oar

wt.%
Aa

wt.%
Va

wt.%
HHVa

J/g
LHVa

J/g

47.6 5.29 0.15 0.04 0.08 0.003 8.9 18 0.5 76.66 18,536 17,164

2.2. Chemical Composition of Analyzed Sorbents

Four groups of naturally occurring minerals were selected for testing. The first adsorbent was
chalk, which is rich in calcium carbonate. This material is widely available and used for the protection
of filter elements (pre-coat), as well as a sorbent in high- and low-temperature cleaning of flue gases
from combustion plants. It consists of ca. 94 wt.% clean CaCO3, which, under the filter conditions,
undergoes calcination to CaO. The calcined form actively takes part in the adsorption of acidic
compounds. However, it is also suggested that CaO can take an active role in catalytic recombination
and degradation of tar components [14]. Chalk is used here as a representative of the Ca-rich family of
sorption materials. The fine chalk for testing was obtained from LabTar sp. z o.o., and the product is
commonly available on the market as a dietary additive for cattle.

The next two sorbents used in the research are closely related because they are derived from
a similar family of sedimentary rocks. In nature, they are mostly distinguished by their tertiary
structure and content of impurities. Thus, the second applied sorbent was halloysite. It is widely
applied in the industry as a sorbent for petrochemicals and adapts a form of hollow tubes, similar
to nanotubes. It is the form of halloysite that predisposes it for adsorption purposes. Due to these
characteristics, halloysite also finds use as a feedstock for ceramic industry, as a dietary supplement for
cattle, as a catalyst, and as a material for FB. The third sorbent was kaolinite, which mostly finds its
application as a basic material for ceramic masses for the production of roof tiles, in chemical or paper
industries, as well as in cosmetics. It mostly takes up the form of flat wafers of rhombic structure.
From the chemical standpoint, both are hydrated alumina silicate and can have the following formula:
Al4[Si4O10](OH)8·4H2O. Both were obtained from mines located in the southwest regions of Poland
(Bolesławiec). In Poland, calcinated, fine halloysite is a market product of Intermark sp. z o.o., while
kaolinite is marketed by Surmin-Kaolin S.A.

The last analyzed sorbent was dolomite, which is found in nature as a sedimentary, carbonate
rock. In composition, dolomite mostly consists of a mixture of Ca and Mg (ca. 90 wt.%); thus, in this
research, it was used as received for its Mg content, to judge its affinity for sorption processes. Similarly
to chalk, fine dolomite used in the study is a commonly available fertilizer product manufactured by
ZChSiarkopol sp. z o.o.
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Even though, in filtration process conditions, all of the sorbents should take up their calcined
forms, during the research, the sorbents were pre-calcined.

Regarding the handling of the sorbents, kaolinite showed a tendency to agglomerate when its
moisture content increased even in an air-dried state. The same phenomenon was noticed for chalk,
although to a smaller extent. The sorbent which by far was the easiest to flow and handle was dolomite,
followed by halloysite.

Tables 2 and 3 presented below summarize the content of AAEMs and heavy metals in gasified
biomass, as well as in sorbents, used for the gas cleaning research. As the adsorption tests were
done in the order starting from chalk (T1), through halloysite (T2), kaolinite (T3), and ending up with
dolomite (T4), the same numbering is used in the article to present the obtained data. For halloysite,
two additional tests were also performed to assess its ability to stabilize filtration/regeneration cycles.
The two are, thus, abbreviated T2.1 and T2.2.

Table 2. Overview of the chemical composition of alkali and alkali earth metals (AAEMs) present in
the gasified fuel and applied sorbents.

Unit T1 T2 T3 T4 Wood Chips

SiO2 % 2.79 35.75 65.68 2.79 44.49
Al2O3 % 0.85 25.77 27.11 1.61 4.22
Fe2O3 % 0.49 21.37 1.17 1.49 3.99
CaO % 50.69 0.68 0.18 27.18 20.18
MgO % 0.35 0.58 0.14 17.89 4.27
P2O5 % 0.02 0.77 0.03 0.30 2.48
SO3 % 0.87 0.07 0.07 1.22 1.02

Mn3O4 % 0.02 0.56 0.02 0.17 1.21
TiO2 % 0.04 3.78 0.92 0.09 0.43
BaO % 0.01 0.11 0.01 0.01 0.11
SrO % 0.05 0.02 0.01 0.01 0.08

Na2O % 0.06 0.22 0.15 0.08 1.58
K2O % 0.19 0.45 0.42 0.59 7.54

Table 3. Overview of the content of heavy metals present in the applied sorbents (d—dry state).

Unit T1 T2 T3 T4 Wood Chips

Asd mg/kg <1.7 <1.70 <1.70 7.26 -
Cdd mg/kg <0.27 0.8 2.06 0.47 -
Cod mg/kg 1.08 2.28 280 3.53 -
Crd mg/kg 5.83 15.4 790 53.8 -
Cud mg/kg 3.16 8.28 70.9 13.8 -
Mnd mg/kg 95.6 1.0 3749 25.2 -
Mod mg/kg 1.32 1.54 4.98 1.28 -
Nid mg/kg 4.46 11.8 558 10.2 -
Pbd mg/kg 10.1 16.4 26.5 273 -
Sbd mg/kg <2.0 <2.00 13.1 4.54 -
Vd mg/kg 7.15 15.3 340 35.1 -

Znd mg/kg 43.8 84.3 288 17.0 -

Due to the unknown degree of volatilization of heavy metals from raw biomass, for determination
of their content in filter cake, a separate analysis of filter cake obtained from sole gasification and HT
filtration of the char/ash was performed. Here, no sorbent was used to coat the filters or to support the
filtration process.

Figure 1 presented below compares ratios of the main metallic constituents and carbon build-up
of the sorbents and biomass char. Evident differences in the chemical composition of the sorbents
should impact their gas cleaning properties as Al, Mg, and Ca all take part in the sorption of acidic
contaminants. Char, on the other hand, is particularly important in the readsorption of compounds
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volatilized from biomass (Ca, K, Mg) as it has a highly developed surface, similar to activated carbons.
Char is also known to show some degree of catalytic activity for the reduction of tars.

 
Figure 1. Comparison of the chemical composition of sorbents and biomass char. Content of main
constituents (inorganic elements and carbon) that actively take part in the adsorption process.

In the study, all laboratory analyses of sorbents, biomass, and gasification products were done at
the Institute for Chemical Processing of Coal.

3. Experimental Installation

The experimental set-up utilized for this research was localized in the Center for Clean Coal
Technologies in Zabrze, Poland. The installation was based on a pilot GazEla reactor. The gasifier is a
fixed-bed, mixed-flow reactor, where fuel is fed from the top and an air/steam mixture is introduced
into three characteristic zones of the bed. The innovative part of the reactor is a method for the
recovery of hot syngas directly from the gasification zone. For the gasification of biomass, the reactor is
characterized by 60 kWth input and a cold gas efficiency (CGE) of ca. 67%. More results regarding the
gasification of various fuels and a detailed description of its operation can be found in the literature [1,2].

The pilot installation was also devised for conducting research on different configurations of
gas cleaning methods and, thus, the reactor was simultaneously connected to both dry and wet gas
cleaning installations. As the main goal of this research was to develop a method for HT filtration
and sorption of syngas, results presented here were obtained from one configuration of the dry gas
cleaning route. Downstream of the GazEla reactor, raw syngas, at 450–550 ◦C, is directed toward the
inlet of a ceramic filter. Before the filter, sorbents were injected into the syngas.

Because the sorbent plays here a double role, its particle size distribution was set such that it
produces a well-structured filter cake of uniform porosity while creating a uniform, stable aerosol of
the sorbent at every point of the filter. Thus, the largest particle size of sorbent was set such that, in the
largest cross-section of the filter, the sorbent should not settle from the gas, but rather be entrained
with the flow of syngas until its separation on the filter cake.

The filter is conventionally separated into two zones by a horizontal plate that supports the filter
candles. Gas enters the dirty zone. When it travels through ceramic candle filters, it is dedusted and
cleaned. For the pilot installation, the filter is composed of 10 ceramic filters (1 m long, 60 mm in outer
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diameter) divided into two cleaning sections. After passing through the candles, the dedusted gas
enters a clean zone of the filter and passes to a next cleaning unit. During this research, the dedusted
gas subsequently underwent cooling down from ca. 450 ◦C down to 40 ◦C for condensation of water
and organic matter. After cooling, cold syngas contains a lot of water–tar mist which needs to be
separated. In the gas cleaning set-up, this process can be done with demisting pads, as well as a
coalescing filter, depending on the level of purity that is demanded by the final application of the
syngas. In the research, cleaned syngas was combusted in a dual-fuel piston engine.

Figure 2 presented below represents a schematic diagram of the pilot gasification installation
utilized during the research.

 

Figure 2. Schematic diagram of the pilot gasification installation with the fixed-bed GazEla reactor and
the dry gas cleaning unit.

4. Measurements and Methods

4.1. Generation of Syngas

During all sorption tests, the reactor was operated on the same feedstock and its parameters were
set to the same limits, so that the stream of syngas, its composition, the temperature, and the amount
of impurities would be comparable. Start-up was performed after initial preheating of the reactor
lining to ca. 350–450 ◦C. At this point, the process bed was formed and ignited by the addition of a hot
air/steam mixture. The stream of the gasification agent was controlled and steadily increased up to
the full capacity of the reactor. Until the bed reached its final temperature profile, and as long as the
temperature of syngas at the reactor’s outlet was not stable, the gas was directed to a burner without
any gas cleaning. When the reactor reached stable operation (ca. 2 h), syngas was fed into the gas
cleaning installation. After the installation reached stabilization (another 2 h), the sampling for syngas
cleaning efficiencies was started.

4.2. Filtration Process and Filter Regeneration: Measurement and Method for Analysis of Data

The ceramic filter was continuously monitored with a range of temperature and pressure readings.
The two most important parameters for its stable operation are readings of gas temperature at its inlet
and outlet. It is known that the origin of syngas greatly influences the range of operational temperature
for HT filtration (operational window). If a certain temperature limit is exceeded, filtration may lead
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to a complete failure of the filter as a result of a continuous increase of differential pressure (dP) on
the filter. In such a case, the filter cake often undergoes some degree of sintering or obtains some
degree of viscosity, both of which result in greater resistance for pulse-back cleaning and render the
regeneration inefficient. Above the upper-temperature limit, the filter pores can become plugged as
a result of condensation of mineral matter volatilized from fuel and chemical activity of tar, which
leads to their polymerization and char formation. The lower limit, on the other hand, protects from
the condensation of high-molecular-weight tars within filter pores. For this reactor and conventional
biomasses, the operational window of HT filtration should be kept in the range of 350–500 ◦C.

The most important control parameter for ceramic filters is its differential pressure (dP) across
the filters. The measured dP summarizes both the dP generated by filter media and the filter cake
collected on it. As the amount of solids collected in the filter cake or its compressibility increases, so
does its flow resistance and, thus, dP of the filter increases. At a given set point, the filter is subjected to
pulse-back cleaning to recover a desirable low dP. To keep operational costs of gasification installation
as low as possible, filters should be run at the smallest possible dP. In the long term, stable and reliable
operation of HT filters at low dP is obtained by performing the filtration mostly as depth filtration
within the volume of a filter cake. In this way, the filer medium does not become irreversibly blocked
by dust particles and the efficiency of collection is kept high. For this unit, such results are attainable
when it is operated at a dP of 1–2 kPa. Above these values, a build-up of excessive filter cake can lead
to failure of the filtration process, e.g., as a result of filter cake bridging.

For a more precise comparison of different tests and standardization of analyzed data, a convention
was set here, where the registered pressure drop across the filter is divided by the actual flow rate of
gas through the filter.

During the research, a standardized procedure for the preparation of the filter candles and
their pulse-back regeneration was set. Filters before each test were thoroughly cleaned through
pressure pulses when the installation was offline (20 ◦C with a full reverse flow). After that, at process
temperatures (ca. 450 ◦C), candles were pre-coated by a controlled layer of the tested sorbent. During a
test, filtration was started when the reactor reached stable operational conditions and maintained them
for a minimum of 2 h, whereby the temperature of gas exceeded 450 ◦C and its stream was constant.
From the beginning of filtration, gas was injected with a sorbent, and, throughout the test, the stream
of the sorbent was kept constant. Regeneration cycles were controlled automatically by system control
and data acquisition (SCADA) and for the normal, continuous operation started at dP = 1 kPa.

4.3. Methods for Measurement of Contaminants Present in Syngas

Another aspect of the development of a new syngas cleaning method is to establish a methodology
for the determination of its performance parameters. There exist standardized analytical procedures
and sampling methods for the analysis of syngas composition and the amount of contaminants
contained in it. For organic matter in the gas, a well-established standard set in the “Tar Protocol”
was applied for years. The protocol proposes sorption in isopropyl alcohol or on solid sorbents as
the best methods for the collection of organics from syngas. However, even though this method is
applied globally for a long time now, the variety of results obtained from similar reactors and process
conditions show that there still is a gap in the analytical procedures. The measurement conditions that
occur in raw syngas increase the measurement error dramatically. To try and address this issue, many
different approaches were proposed. One of the most resilient ideas for determination of the efficiency
of syngas cleaning is an analysis of its combustion products through online measurement of the flue
gas composition. This indirect method uses hot-sampling and FTIR analyzers, which give a very good
range of measured compounds and very low detection levels for all contaminants in their oxidized
forms. The drawback here is that post-combustion analysis gives information only about the overall
efficiency of a gas cleaning system and it is impossible to point out the efficiency of a given apparatus.

To obtain more direct and reliable data, a different approach was adopted for this study. The
first step of the method was a basic, on-line measurement of syngas composition using IR analyzers.
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This robust measurement provides on-line information regarding changes in the gasification process
and quality of generated syngas. Tar, water, and particle matter contents were measured by taking
samples of the gas in parallel, before and after the ceramic filter. The remainder of the analysis, i.e.,
removal of AAEMs, halides, and H2S, was determined from the analysis of liquid and solid products
recovered from the gas cleaning units. Simultaneously, another analysis of halides and H2S was
performed through their absorption from syngas (impinger bottles with NaOH).

The liquid samples were analyzed for the presence of halides and H2S.

4.3.1. Water, Tar, and Solid Particle Content

The tar content of syngas is inherently connected with the gasification process. Its content not
only indicates the loss of conversion efficiency, but is also the most important issue that prevents larger
market uptake and technical utilization of the gasification process.

The simultaneous filtration/sorption process is not devised to directly convert or reduce tars in
syngas. However, there exist experimental results indicating that HT filters may induce a partial
reduction of syngas tar content. In this research, an adapted method for the quantification of tars based
on the Tar Protocol was used.

The sampling system consisted of a probe, two impinger bottles, and a tube filled with cotton wool.
The probe was introduced axially into a syngas pipe. The end of the probe was connected to the first
impinger bottle containing about 50 mL of isopropyl alcohol at ambient temperature. Here, most of
the tar and dust was collected. Moreover, in this region, the syngas was also saturated with the solvent
which prevented water from freezing further down the collection line. The first impinger bottle was
connected with the rest via a Teflon tubing, which acts as an additional condenser. The second bottle,
filled with 50 mL of isopropyl alcohol at −20 ◦C, collects the remaining water and low-boiling-point
volatile organic carbon (VOC). Finally, the glass tube, which is filled with cotton wool, acts as a droplet
collector. Producer gas is sampled through the system by a pump coupled with a flow meter and
a regulator.

After sampling, both sorption solutions are combined and analyzed together for the content of
volatile organic carbon (VOC), water, dust, and tars. In this research, no qualitative analysis of VOC
was conducted.

The concentration of water in isopropyl alcohol solutions was determined by the Karl Fischer
method with the use of a Mettler Toledo automatic titrator. Tars and solid particles were measured
gravimetrically. The dust contained in isopropyl alcohol solutions was filtered off, washed with an
additional portion of isopropyl alcohol, dried, and weighed. The mass of tar was measured after
evaporation of the solvent under reduced pressure (0.1 bar, 80 ◦C) until a constant mass was reached.

4.3.2. Halides

The content of chlorine species present in syngas was measured with the use of two methods. The
direct measurement from syngas was done through adsorption in NaOH performed with a set-up
similar to the above-mentioned water/tar/particle measurement. The samples were analyzed with the
use of ion chromatography. Due to Cl content in the gas, which is only marginally above the detection
limit of the method, the measurement was done in parallel for raw gas after the reactor, as well as
after the water condensation and demisting steps, to assure no Cl was present in syngas after the last
stage of syngas cleaning. As an indirect measurement, the measurement of Cl content in the water
condensate from the gas cooler was also done. A baseline for gasification of the biomass was detected
for a scenario when the gas cleaning was performed without the use of any sorbents or pre-coats.
Any result of chlorine ion content in the condensate lower than the baseline indicates that HCl was
removed from syngas in the prior adsorption/filtration step.

For chromatography, a dual-channel reagent-free capillary Dionex ICS-5000 ion chromatograph
was used. The set-up consisted of dual ion chromatography (IC) channels, each connected to an
individual gradient pump, eluent generator cartridge, injection valve, column set, and detector, while
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an autosampler was also used. A Chromeleon® 6.7 (Dionex) Data Management system was used for
instrument control and data handling.

For separation and analysis of cations, the IonPack CS-16 analytical column (250 mm × 3 mm)
and IonPack CG-16 guard column were applied. An external standard method using a commercial
six-cation solution was utilized for quantitative analysis. Furthermore, 40 mM methanesulfonic acid
eluent of high purity was electrochemically produced by the eluent generator cartridge (EGC-MSA).
The eluent flow was maintained at a rate of 0.340 mL/min. The column and detector compartments
were thermostated at 30 ◦C and 20 ◦C, respectively, to obtain constant conditions. Chromatograms
were recorded isocratically for 30 min.

4.3.3. AAEMs

The analysis was conducted by wavelength-dispersive X-ray fluorescence spectroscopy with the
use of an ARL OPTIM’X spectrometer from Thermo Fisher Scientific with an X-ray Rh lamp of 200 W
with a 75-μm Be slit. The sample for this method was prepared by ashing at 815 ◦C before pressing
into tablets with a 20% supplement of wax.

4.3.4. Heavy Metals

The content of trace elements (heavy metals) in chars from biomass was determined with the use
of the IChPW’s internal procedure. Analyzed samples were firstly dissolved in concentrated acids
(HNO3 and HF) using a closed circuit, multistage microwave-assisted mineralization process. For this
purpose, a 10-position microwave mineralizer Ethos 1 from Milestone was used. The maximum
temperature of the mineralization was equal to 200 ◦C. Dissolved samples were analyzed using an
inductively coupled plasma optical emission spectroscope (ICP-EOS) iCAP 6500 DUO from Thermo
Fisher Scientific. For calibration of the EOS, single element standards from SCP Science were used.

5. Results and Discussion

5.1. Filtration Process

All filtration tests were carried out at filtration temperature equal to 450 ± 5 ◦C and a constant
stream of sorbents. Three of the tested sorbents gave the desired filtration/regeneration patterns. Thus,
the sorbents fulfilled their basic requirement of keeping the filtration process stable. Only dolomite
(T4) led to a complete failure of the filter. With dolomite, the filter cake resisted pulse cleaning and,
thus, a constant rise in dP was measured.

Figure 3 presented below depicts the results of filtration data for all four sorbents. For tests 1–3,
the time from the start until the first pulse cleaning (formation of filter cake layer), ranged from 1 h 45
min to 2 h 40 min. These values correspond well with the data previously collected. Moreover, the time
between subsequent pulses was consistent and repeatable (from 40 min to 1 h 15 min) as can be seen
during the analysis of the registered pressure drop vs. time patterns. The repetitive regeneration
cycles indicate a stable operation of the filter. For T1, another interesting characteristic feature can
also be noted. After the fourth hour of operation, the filter cake collected adopted a self-cleaning
(without pulses) characteristic. This phenomenon was noted before, when the filter cake adopted a
loose structure and linear velocities of syngas were sufficiently small. Furthermore, a well-selected
particle size of sorbent and ratio of sorbent to char in the filter cake positively influenced the observed
self-cleaning property. This phenomenon is rarely registered for filtration of gasification gases; however,
it is quite conventional for the HT filtration of flue gases.

During T4, the severity of pulse jet cleaning was increased gradually in the search for any signs of
improvement. An increase in pulse times from the conventional 200 ms to 500 ms and in the pressure
of the pulses from 6 bar to 8 bar did not give any signs of cake recovery. Conversely, the severity of
pulses led to some mechanical degradation of the filter elements, and pit holes at the dirty side of the
filters were noted during the later inspection.

117



Energies 2020, 13, 1528

 

Figure 3. Change in pressure drop on the high-temperature (HT) filter during filtration/adsorption
tests. Pressure drop (dP) presented in a standardized form that takes into account the actual flow rate
of syngas.

Concerning previous experience with CaO-based sorbents, dolomite should not have brought
such a quick and decisive filter failure as noted for T4. At 60%, it is composed of CaO and flows well,
similarly to chalk; thus, it is surprising to discover this problem. In the past, operation of the filter was
tested for CaO precoating and co-filtration runs where the ratio of char to chalk was higher than 1:0.2
and stable filtration patterns were recorded. Noteworthy, the optimum point for operation of the filter
with a pressure drop of 1 kPa was found to be the ratio of 1:1–1:2.

From preliminary testing, halloysite was shown to be a very promising material that enables
both good gas cleaning and filter regeneration properties. For this reason, it was chosen for further
experiments where limits of its filtration-enhancing properties were determined; thus, two additional
tests were done (T2.1 and T2.2) where the mass stream of halloysite was kept constant and gasification
conditions were varied through the use of fuel with different moisture content. The changes in reactor
operating conditions induced changes in the quality of produced syngas, which subsequently led to
pronounced variations observed in the filtration process itself.

Analysis of the three halloysite experiments was primarily done with attention to temperatures of
syngas at the reactor exit, at the filter inlet, and inside the dirty side of the filter. The data comparing
the halloysite filtration tests are presented in Figures 4 and 5.

As is often common for pilot installations, here, the operation of the reactor and the gas cleaning
unit was also stabilized by trace heating. For the GazEla installation, the trace heating is mounted
starting from the reactor outlet, throughout and past the HT filter. Due to the thermal mass of the
filter, it has the most stable characteristic of temperature changes. The heating is primarily used for
start-ups, as well as to keep the operation of the cleaning unit safe when an intermittent, unstable
operation of the reactor happens. In normal operation of the pilot GazEla reactor, 550 ◦C to 650 ◦C
syngas is produced at its outlet. The raw syngas temperature depends on reactor power and quality of
the gasified fuel. As a standard, the filter body is kept at a minimum temperature of 430 ◦C.
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Figure 4. Change in pressure drop on the HT filter during filtration/adsorption tests: comparison of
three experiments with halloysite.

 

Figure 5. Changes in the main process parameters regarding the halloysite-assisted filtration of syngas.

For T2.1, the biomass was artificially wet to the point of 29 wt.%, while, for T2.2, the feedstock
was dried to the point of 8.9 wt.%. The GazEla reactor was tested previously on biomasses of moisture
content up to 40%; however, at this point, operation of the fixed bed changed dramatically, as did the
tar content and characteristics of produced syngas. For the three experiments, the stream of fuel fed
into the reactor (on a dry basis) was kept stable to simulate the conditions where the reactor power
demand was kept constant and the quality of available fuel changed. This operational difference led to
the variable stream of wastewaters condensed from syngas, as well as the stream of syngas calculated
from the mass balance of the reactor. In a fixed bed, the instantaneous stream of fuel fed into the reactor
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cannot be measured directly with the precision known and needed for stable operation of FB gasifiers.
Here, the changes in fuel stream were determined based on time-average mass balances and they were
shown to be in good agreement with calculated mass and elemental balances.

In line with the above-mentioned findings, during T2.1, lower minimum and average temperatures
of raw gas were noted at the reactor outlet. This stems from the higher demand for heat needed for
evaporation of water contained in the feedstock. Thus, it may be counterintuitive that, during the same
test, the temperature inside the filter body was on average 14–29 ◦C higher in comparison to the two
other experiments. Such a characteristic was noted before for the GazEla reactor, where some residual
oxygen was present in raw syngas. During the extended residence time in the HT filter body, and
due to the high temperatures of the filters, the oxygen was consumed in exothermal reactions. Such
phenomena are predominant for fixed-bed gasification of feedstocks with very high moisture content,
and they are also often connected with the production of very high amounts of heavy tars. The reason
for this is that the temperature of the pyrolysis zone in a fixed-bed reactor drops and shifts toward
the production of higher-molecular-weight tars (lower thermal breakdown of the tars). The heavy
tars are difficult to measure analytically as they are very reactive and easily convert to polyaromatic
hydrocarbons (PAH). The PAHs in tar can then undergo spontaneous polymerization, as a result of
the high availability of C–O–H bonds, e.g. in phenols, or they can polymerize/carbonize and form
solid-state char. These changes in the chemistry of tars are also one of the main reasons why HT filters
often lose their porosity and eventually increase their baseline dP. To support this notion, the authors
hold experience gathered throughout the past five years of operation of the filter, whereby a situation
never occurred where the filtration of post-combustion gases (flue gases) led to a complete failure
of the filter elements (pressure drop exceeding 6kPa), despite the great range of tested operational
parameters. In flue gases, the stable filtration behavior is adopted much more quickly, mostly during
the first 1–2 h, and it is possible to cycle between operational baseline set points without problems.
The filter also operates on flue gases at much higher temperatures without instability. Supporting this
thesis seems also to be the experiences from entrained flow, membrane reactors, where completely
tar-free syngas is produced, e.g., utilized in integrated gasification combined cycle power plants. There
also, the syngas ceramic filters are commonly operated close to their upper temperature limits of
900–1000 ◦C with acceptably long maintenance cycles (>5000 h).

In Figure 5, it can be seen that, in T2.1, the filtration behavior adopted two separate patterns. In the
first part of the tests, the pressure drop increased steadily, up to the set point of baseline dP (<2.5 h).
At this time, regeneration pulses occurred every ca. 4–5 min, which was never observed for continuous
stable runs, indicating that the filter cake kept sticking to the surface of the filters. To keep the unit
in operation, the pressure drop set point was not changed until ca. the fourth hour of the test. From
previous experience, a stable filtration pattern can be recovered for some cases where the thickness of
the filter cake layer is deliberately, substantially increased. A thicker layer of filter cake tends to drop
off the elements in larger flakes; however, this can also lead to patchy cleaning and irreversibly higher
operational baseline of the filter. In this case, the method was successful, and, after the fifth hour, the
time intervals between pulses started to increase. This can be observed by the dropping slopes of the
dP curve between subsequent regeneration cycles. In stable filtration runs noted for both T2 and T2.2,
the duration between regeneration pulses reached the conventional 1 h to 1 h 15 min.

Neither the temperature at the filter inlet nor the temperature in the filter body seemed to have
any correlation with the moment when the filtration started to run stably. The moment when the
filtration stabilized for T2.1 was in good relation to the time when the temperature profile of the
pyrolysis zone of the reactor reached 500 ◦C. No noticeable change in the composition of syngas with
respect to permanent gases (O2, CO2, CO, CH4, H2), the stream of fed fuel, or stream of recovered
wastewater was registered. Thus, the three performed tests indicate the predominant role of tars in
keeping the syngas filtration stable. Noteworthy for T2.1 was also the much higher actual stream of
syngas filtered. The higher amount of water in raw syngas led to an increase in the filtration velocity,
Uf (linear velocity of gas passing through a filter element, m/s). For HT applications, a commonly
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accepted value of maximum allowable Uf is 3 m/s. However, from experience, the filtration of syngases
from fixed-bed reactors at Uf > 1.5 m/s cannot be kept with a pressure drop lower than 2kPa. Hence,
to keep the dP low, the operational optimum was found for this unit to keep the Uf in the range from
1 m/s to 2 m/s. During T2.1, the Uf reached the maximum of 1.9 m/s.

5.2. Water, Tar, and Solid Particle Content

The water content of syngas at the outlet from the gasifier is directly connected to fuel composition,
its moisture content, and the amount of steam used as a gasifying agent. Secondary reactions connected
to hydrogen present in fuel further lead to the formation of steam, which can take part in tertiary
reforming reactions. For the GazEla reactor, a fuel of moisture content 25 wt.%. was found to be
optimal. The moisture content of the fuel and the amount of steam added for temperature control of
the reactor’s bed together have a high influence on the amount of tar produced. For the pilot-scale
GazEla reactor, the content of organics in raw syngas can reach up to 50 g/Nm3 for waste fuels such
as sewage sludge. For the majority of conventional feedstocks, the value does not exceed 25 g/Nm3.
Table 4 presents concentrations of the basic contaminants in raw syngas (at reactor outlet) and after
passing through the HT filter. For all tested points, one prevalent observation can be reported. Both
water and tar contents were slightly reduced in the HT filter, even though the filter was operated
at a moderate temperature of 450 ◦C and the filters were constructed from theoretically chemically
non-active Al/Si material composites. For chalk, halloysite, kaolinite, and dolomite, the values of tar
reduction were equal to 18.2%, 10.3%, 10.4%, and 16.9%, respectively. Thus, the CaO-based sorbent
may give the best tar reforming characteristics while AlO–SiO materials take part in tar reforming to a
lesser extent (halloysite, kaolinite). MgO is also known to participate in tar reforming in FB reactors;
however, here, dolomite performed slightly worse than clean chalk. From current experience, it is hard
to determine to what extent this effect is connected to the action of the sorbents themselves, because
tar reforming on HT filters operated without sorbents (char alone) was also noted previously. It is
noteworthy to say that most ceramic filters are built of mullite or other aluminosilicates and, thus,
in their chemical composition, show similarities to halloysite and kaolinite. Thus, it was proposed
that the reduction of tar content in the filter vessel may originate from a combination of basic thermal
decomposition of high-molecular-weight tars or their polymerization and phase change to soot as a
result of long residence time, which may be catalyzed by the presence of Ca, Mg, Al, and Si.

Table 4. Concentration of water, tar, and particle matter present in raw syngas (1) and after its
filtration/sorption (2) in the HT filter.

Unit T1 T2 T3 T4

H2O 1 g/Nm3 188 128 160 145
H2O 2 g/Nm3 187 126 158 144
Tar 1 g/Nm3 13.9861 12.7429 17.4362 24.6653
Tar 2 g/Nm3 11.4424 11.4352 15.6267 20.4876
PM 1 g/Nm3 4.5751 2.1822 1.4811 3.6773
PM 2 g/Nm3 0.00 0.00 0.0162 0.00

In the analysis of particulate matter content of syngas, there is always great uncertainty connected
with the determination of solids entrained from fixed-bed reactors. This subject is connected with
technical limitations in the size of sampling probes, as well as the size distribution of particles entrained
from a fixed bed of the reactor. For this reason, the particulate matter (PM) presented in Table 4 was
only determined through the gas sampling of syngas downstream of the ceramic filter. The amount of
PM in syngas upstream of HT filter was calculated through a mass balance of C and ash present in
recovered filter cake. For T1, T2, and T4, no PM was measured downstream of the filter. Only for T3
was a small amount of PM registered at the outlet from the filter, indicating a breakthrough of dust
which can happen if the layer of filter cake after pulse cleaning is too thin. Previously, another source
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of PM in syngas filtered on ceramic elements was also found. In HT dry gas cleaning systems, where
the installation is subjected to large quantities of tars and does not operate continuously (the pilot
system is a research installation), small amounts of polymerized carbon deposits can form at cold spots
of the ceramic filter and pipelines where the temperature of syngas is not sufficiently high to keep
condensation of high-molecular-mass tars from occurring. At such places, tars tend to condense and
polymerize, thus creating deposits of very brittle carbon structures. However, this problem was never
noted at installations where tars originate from FB reactors, because these tars are of much different
composition (mostly light tars), and the concentrations of gravimetric tars rarely exceed 15 g/Nm3.

Proximate and ultimate analysis of chars recovered from the ceramic filter unit was done to assess
the ratio of char entrained from the reactor in relation to the stream of fed sorbent (Table 5). For T1
and T4, the ratio of sorbent to char in gas was similar as can be seen from the proximate and ultimate
analysis of the filter cakes. Similarly, T2 and T3 had similar char-to-sorbent ratios. Filter cakes from T1
and T4 were much richer in C and showed much smaller amounts of ash. Regarding the filter cake
obtained from the reference test, the sample was a mixture of biomass char and ash with high C, A,
and Cl contents. It can also be seen that the ratio of char to the sorbent for T1–T4 was equal to 1:0.9;
1:4.2; 1:5.0, and 1:1.25, respectively.

Table 5. Proximate and ultimate analysis of filter cakes recovered from HT filtration/sorption of syngas
(as received).

Unit T1 T2 T3 T4 Reference

H2O % 0.7 0.7 0.3 0.4 1.5
A % 50.5 79.5 82.5 55.3 9.4
C % 42.8 17.0 18.6 40.8 80.5
H % 0.41 0.53 0.35 0.87 1.97
N % 0.1 0.15 0.15 0.34 0.49
S % 0.09 0.06 0.04 0.14 0.22
Cl % 0.25 0.24 0.09 0.09 1.352

Subsequently, qualitative and quantitative analyses of AAEMs present in filter cake samples were
performed, and Table 6 collates the results. Values presented in parentheses in each cell correspond to
a given content of the ash species in the fresh sorbent. The last column of the table is fitted with data
from the analysis of clean char from the gasification process of wood chips where no co-filtering agent
or sorbent was used. Based on this comparison, the analysis of changes in ash chemistry was possible,
giving grounds for raising conclusions as to which AAEMs are volatilized during gasification in the
GazEla reactor and can be captured from syngas with the use of the filtration/sorption method.

It is visible that, for all test points, dilution effects of the sorbents with ashes from biomass took
place. Thus, with the use of the mixing law, it was checked whether there were any high deviations
from the mixing proportions of ashes obtained from the sorbents and biomass chars. Such findings can
indicate the capture of species volatilized in a reactor, as well as volatilization from the filter cake, thus
indicating lower efficiency for its removal.

To some extent, chars from different tests interact with each other and are extracted together from
the filter vessel even after prior cleaning of the elements and their precoating with another sorbent.
Thus, for T1 and T4, it can be seen that the sorbents used were rich in Ca and Ca–Mg, respectively.
Sorbents applied in T2 and T3 had similar chemical compositions (rich in Al and Si); however, halloysite
is also naturally rich in Fe. It can be seen here that the sample from T2 (halloysite) was partially
polluted with chalk from T1, whereas samples from T4 (dolomite) contained some kaolinite from T3.
It is interesting that halloysite, which contains high quantities of Fe, did not contaminate the sample
from T3. This finding may be partially supported by the observed good filtration-enhancing properties
and flowability of halloysite. Noteworthy also, even though the amount of ashes in biomass was
small and, thus, the dominance of compounds originated from sorbents was very high (ratio of ashes
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1:10–1:50) for all samples, the effect of ash enrichment in constituents characteristic for biomass ashes
such as K and Na was high.

Table 6. Alkali and alkali earth metal content in chars forming filter cake on the surface of the ceramic
filter (unit: wt.%).

T1 T2 T3 T4 Reference

SiO2 2.22 (2.79) 25.25 (35.75) 67.18 (65.68) 14.16 (2.79) 9.38
Al2O3 0.67 (0.85) 17.89 (25.77) 26.78 (27.77) 4.98( 1.61) 1.88
Fe2O3 4.41 (0.49) 14.75 (21.35) 1.22 (1.17) 1.82 (1.49) 1.18
CaO 52.7 (50.69) 18.17 (0.68) 1.63 (0.18) 34.77 (27.18) 14.22
MgO 0.36 (0.35) 0.57 (0.58) 0.21 (0.14) 23.24 (17.89) 2.73
P2O5 0.09 (0.02) 0.57 (0.77) 0.09 (0.03) 0.52 (0.3) 7.74
SO3 1.22 (0.87) 0.32 (007) 0.08 (0.07) 1.28 (1.22) 4.35

Mn3O4 0.1 (0.02) 0.47 (0.56) 0.04 (0.02) 0.25 (0.17) 0.64
TiO2 0.05 (0.04) 2.61 (3.78) 0.89 (0.92) 0.19 (0.09) 0.22
BaO 0.01 (0.01) 0.08 (0.11) 0.02 (0.01) 0.02 (0.01) 0.39
SrO 0.05 (0.05) 0.03 (0.02) 0.01 (0.01) 0.02 (0.01) 0.13

Na2O 0.11 (0.06) 0.22 (0.22) 0.19 (0.15) 0.2 (0.08) 5.64
K2O 1.04 (0.19) 1.75 (0.45) 0.98 (0.42) 1.7 (0.59) 22.46

For a more visual comparison of the results, Figure 6 was prepared where samples were compared
through mass balance analysis, and the results are presented as ratios of species calculated from the
mass balance related to the concentrations measured in samples. Thus, values above 1 indicate here
that the content of the specie in the filter cake was lower than expected from the mixing law and
may indicate lower removal efficiency of the element. On the other hand, values below 1 indicate
that the content of an element in the filter cake was higher than predicted and, thus, may indicate its
preferential removal from syngas. Results fitting into a range of ±25% are generally accepted to be in
agreement with the mixing law. The streams of char and sorbents were all in good agreement, and the
ratios of values calculated ranged from 0.92–0.97.

Figure 6. Ratio of the major elements in filter cake calculated from the mixing law of sorbents and char
vs. values measured analytically in recovered filter cake.
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The best correlation with the mixing law was found for dolomite, where only concentrations of P
and Na in filter cake were well below half of the expected value, which may indicate lower retention
in the filtration/sorption system. At the other end of the scale was chalk, which was found to be in
good agreement only for S, while lower than expected contents of K (2.17), Na (5.17), and P (8.19) were
noted (P and Na values are off the scale presented in Figure 6).

For halloysite, K was the only measured element which might indicate preferential adsorption
(0.53) from syngas. For all sorbents, the scatter of the results indicates that it is very difficult to close
mass balances of elements in fixed-bed gasification systems. Primarily for halloysite, S concentration in
the filter cake was more than 20 times lower than the mass balance indicates (off the scale in Figure 6).
On the other hand, for dolomite, the Na content in filter cake was equal to less than 4.5 times the
prediction. For future work, it is, thus, advised to try applying other analytical procedures in the search
for these elements in syngas; however, as already mentioned, ion chromatography of gas sampled
through absorption in NaOH does not provide as clear results as hoped for.

The difficulty in closing mass balances of elements in gasification systems can be seen here.
A sampling of char from syngas in the real installation is only possible for a test designed specifically
to be done without the use of sorbents. Even though the biomass source was kept constant during
the research, its exact composition, as well as its gasification conditions, varied. Taking into account
that components of biomass ash volatilize in a manner related to their ash composition and process
parameters, the char bed does not remain constant nor does its ability to readsorb AAEMs from
raw syngas.

5.3. Heavy Metals

The starting assumption for the determination of collection efficiency of heavy metals is that, in
process conditions of the filter, the species that contain them are attached to other solids present in the
gas. When subjected to filtering, they should be recovered either directly through filtration (mechanical
separation) or indirectly by adsorbing onto the surface of filter cake particles, as they already have
a well-developed surface and the HT filter conditions are more favorable for adsorption than those
that occur in the reactor. Table 7 collates the obtained results regarding the amount of heavy metals
present in fresh sorbents, as well as in filter cakes recovered after the filtration/sorption process. Values
presented in parentheses in each cell correspond to the given species content of the fresh sorbent.

Table 7. Concentration of heavy metals in samples of feedstocks and products from gasification and
filtration/sorption processes (unit: mg/kg on a dry basis).

T1 T2 T3 T4 Reference

As 1.71 (<1.7) 3.94 (<1.7) 1.71 (2.98) 2.23 (<1.7) -
Cd 1.38 (<0.27) 2.01 (2.06) 0.475 (1.08) 0.808 (0.799) -
Co 3.84 (1.08) 149 (280) 3.39 (5.4) 2.87 (2.28) -
Cr 150 (5.83) 577 (790) 111 (55.5) 157 (15.4) -
Cu 21.3 (3.16) 50 (70.9) 20.6 (20.8) 13.9 (8.28) -
Mn 581 (95.6) 2483 (3749) 243 (66.9) 842 (1.002) -
Mo 23 (1.32) 10.4 (4.98) 9.37 (3.91) 20.6 (1.54) -
Ni 103 (4.46) 388 (558) 54.9 (15.5) 64.2 (11.8) -
Pb 34.6 (10.1) 91.2 (26.5) 73.2 (81.3) 58.3 (16.4) -
Sb 7.13 (<2.0) 7.27 (13.1) 1.76 (3.5) 3.72 (<2) -
V 7.23 (7.15) 155 (340) 24.6 (50.7) 13.4 (15.3) -

Zn 732 (43.8) 1014 (288) 414 (16.3) 539 (84.3) -

In the case of five elements, a 10-fold increase in concentration was registered in comparison
to the result of the fresh sorbent. These elements were Cr, Mn, Mo, Ni, and Zn. In the case of Zn
and Mo, an increase in concentration in all samples of filter cakes was noted. For Zn, the highest
gain was noted in T3 (25-fold for kaolinite), while the lowest was noted in T4 (six-fold for dolomite).
Previous studies on the volatilization of metal compounds during the thermochemical treatment of
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ashes concur with this finding [12–14]. For Mo, higher recovery was noted in T1 (17-fold for chalk),
while the lowest was noted for both T2 and T3 (two-fold for halloysite and kaolinite). For Cr, a higher
increase in concentration was noted in the case of T1 (25-fold for chalk), while the lowest was noted for
T3 (two-fold kaolinite). For Mn, T4 gave the highest increase in concentration (840-fold for dolomite),
while the lowest was noted for T3 (3.6-fold for kaolinite). The increase in the amount on Mn in the T4
filter cake was substantial, and the determination of its origin needs further investigation. For Ni, the
highest rise in concentration was noted for T1 (23-fold for chalk), whilst the lowest was noted for T3
(3.5-fold for kaolinite).

Thus, all sorbents showed the concentration of heavy metals in their relevant filter cakes higher
than expected from mass balances. During the research, there was no method for the determination of
any residual heavy metals in syngas downstream of the ceramic filter that could support any definitive
conclusions on any preferential removal of heavy metals.

5.4. Halides and H2S

Generally, it is known that K almost exclusively volatilizes with correlation to Cl. Thus, from the
results presented above, it was expected that the Cl content in syngas should be low. For baseline
conditions, the amount of HCl measured in syngas was close to the detection limit of the method. In
raw syngas, the mean value of HCl present was equal to 5 ppmv. To assess its removal in the gas
cleaning system, the analysis of Cl content in side-products was necessary. No F or Br content in
the gas was detected. Table 8 presented below depicts all results collected regarding Cl content in
condensates from gas cooling. It can be seen here that, in syngas after treatment with kaolinite and
dolomite, Cl concentration was so low that it reached the lower detection limit of the method.

Table 8. Concentration of chlorine in water–tar condensate recovered from the gas cooler.

Unit T1 T2 T3 T4

Cl mg/kg 17.8 14.2 <0.07 <0.07

For filter cakes, the results of Cl content are presented in Table 5. The results indicate that biomass
char contained 16.9-fold higher Cl concentration than the biomass before thermochemical treatment,
which supports the theory of Cl readsorption on the bed of char or its preference to remain in the
concentrated solid phase composed of ash and char.

During balancing of Cl present in the system, it was noted that only up to 30 wt.% can be accounted
for with all the measured inputs and outputs. The remaining stream of Cl presumably stayed in reactor
bottom ash, as known from the literature [3,16]. However, due to technical limitations of the lab-scale
conditions and the insufficient amount of bottom ash generated from clean biomass like wood chips, it
was not possible to adequately sample and analyze this stream.

Performed analyses allowed determining the amount of HCl present in raw syngas, whereas no HCl
could be measured after the last step of gas cleaning. To summarize its removal, Figure 7was prepared.
The figure relates the actual streams of HCl trapped in filter cake to Cl content in condensate from
syngas cooling. For T1 and T2, 90% of Cl present in syngas was recovered in the filtration/adsorption
step. This value should be compared with Cl content measured for the reference case, where filtration
was carried out without any sorbent and Cl was preferentially recovered in the condensate from
syngas cooling.

Finally, during ion chromatography of the liquid samples, the detection of H2S was also expected.
However, for all tested samples, no S ions were detected. This result indicates that the applied analytical
procedure needs to be further developed in the future to give better precision in the determination of
syngas composition.
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Figure 7. Ratio of Cl recovered from syngas in filter cake and condensate from syngas cooling.

6. Conclusions

To summarize, during the research, the use of four sorbents of distinctive chemical and physical
properties was tested for HT conditioning of syngas, namely, chalk (CaO), dolomite (CaO–MgO),
halloysite (AlO–SiO), and kaolinite (AlO–SiO). The two representative aluminosilicates differed from
each other in their tertiary structure.

The research showed that co-filtration of dolomite with solids from the gasification process may
inversely affect the regeneration of HT filters but lead to quick and irreversible filter failure. Even
though the sorbent itself is easily flowable, is easy to handle, effectively pre-coats the filters, and gives
good sorption parameters, it is also the first material on the list of tested sorbents which cannot be
reported to have filtration-enhancing properties until further research on merits of its application
is available.

For the rest of the tested sorbents, design criteria regarding both pulse-back regeneration of the
filter and sorption of syngas were satisfied. Collected data allowed concluding that the concept for
one-vessel multicomponent gas cleaning is possible and can be successful.

All tested materials adsorbed 90%–99% of Cl present in raw syngas, thus reducing its content to
levels below 5 ppmv, which, for most energetic applications, is considered as acceptable.

HT filtration and sorption provides a means for the reduction of high-molecular-weight tar content
in the range of 10% to 18%, depending on the sorbent used. From preliminary results, it was found
that CaO- and CaO–MgO-based materials have higher tar reforming capabilities.

In pilot-scale gasification process conditions, no direct sign of preferential removal of AAEMs on
the filter cake-containing sorbents was found. Char in the fixed bed acts as the first stage adsorber
and causes retention of compounds volatilized from ash, leading to the high variability of the
obtained results.

After filtration on precoated ceramic filters, no presence of PM could be measured in the pilot-scale
gasification installation. The only source of solids determined in gas after filtration originated
from a temporary breakthrough of particles after pulse-back cleaning or marginal condensation and
polymerization of heavy tars.
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The application of high-efficiency, HT filter for dedusting of syngas was proven to be the preferred
technology for the first step of syngas cleaning. Dust-free syngas allows for its direct cooling and
condensation of organic matter, as well as cleaning in oil scrubbers or its further upgrading without
problems related to fouling of the installation. In syngas cleaning, however, it is vital to remove
tars as quickly as possible and accordingly to their condensation temperature. The fouling of heat
exchangers in dust-free syngas conditions follows the path of condensation of heavy tars on contact
with “cold tubes” of the heat exchanger and further polymerization of the liquefied tars. A solution to
this problem was found in all applications where syngas cooling is either more rapid and goes down
to temperatures below the water dew point or does not cool syngas down to levels where heavy tars
can condense.

Furthermore, detection of H2S was expected during ion chromatography of the condensed phase
of syngas, as well as from the dedicated sampling of syngas through NaOH absorption. However,
for all tested samples, no S ions were measured. This result indicates that the applied analytical
procedure needs to be further developed in the future to give better precision in the determination of
syngas composition.

Finally, from the analysis of obtained data, halloysite was shown to give the best overall
performance in syngas cleaning through sorption-enhanced HT filtration. It had superior filtration
and pulse-back cleaning properties, and it remained flowable in all apparatuses used for its storage,
handling, and feeding. For very high filtration velocity (1.9 m/s) and syngas of high water and heavy
tar content, it allowed the filtration to remain stable even though the set point of dP had to be increased
to 2 kPa. In terms of gas cleaning properties, CaO remains the best solution because of its higher tar
reforming properties and the comparable ability for the removal of Cl.

7. Prospects for Future Work

• Optimization of sorbent-to-char ratio.
• Determination of maximum removal efficiency for H2S/HCl.
• Validation tests confirming the unsatisfactory filtration properties of dolomite.
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Abstract: Microalgae (Spirulina) and primary sewage sludge are considerable feedstocks for future
fuel-producing biorefinery. These feedstocks have either a high fuel production potential (algae) or a
particularly high appearance as waste (sludge). Both feedstocks bring high loads of nutrients (P, N)
that must be addressed in sound biorefinery concepts that primarily target specific hydrocarbons,
such as liquid fuels. Hydrothermal liquefaction (HTL), which produces bio-crude oil that is ready for
catalytic upgrading (e.g., for jet fuel), is a useful starting point for such an approach. As technology
advances from small-scale batches to pilot-scale continuous operations, the aspect of nutrient recovery
must be reconsidered. This research presents a full analysis of relevant nutrient flows between
the product phases of HTL for the two aforementioned feedstocks on the basis of pilot-scale data.
From a partial experimentally derived mass balance, initial strategies for recovering the most relevant
nutrients (P, N) were developed and proofed in laboratory-scale. The experimental and theoretical
data from the pilot and laboratory scales are combined to present the proof of concept and provide the
first mass balances of an HTL-based biorefinery modular operation for producing fertilizer (struvite)
as a value-added product.

Keywords: struvite; HTL; biorefinery; renewable fuel; HyFlexFuel

1. Introduction

Hydrothermal liquefaction (HTL) of biomass presents a promising procedure [1,2] for overcoming
dependency on fossil fuels and advancing toward sustainable decarburization of the transportation
sector. Hydrothermal liquefaction enables the conversion of wet biomass or waste materials into
bio-crude oil by using hot-compressed water (287–375 ◦C) [3,4] that refines downstream to liquid
fuel [5]. It is of special interest in jet fuel. In biorefinery, sustainability has an important role in achieving
the viability of a large-scale bio-crude facility. Nutrient recovery presents an attractive option for
improving sustainability and adding value to the production chain. After HTL, the macro (P, K, N) and
micro (S, Mg, Ca, Fe) nutrients that might be recovered for biomass production systems are distributed
between its products, which include the HTL oil (also known as bio-crude), liquid, and solid phases.
This distribution of nutrients among HTL phases depends on not only process conditions but also
the nature and composition of the biomass feedstocks [6]. Furthermore, it presupposes variations in
nutrient recovery strategies among various biomass feedstocks.

Significant research on HTL, and by association, nutrient recovery, has been performed in
small-scale batch systems and mainly utilized algae as feedstock [7–9]. The next step toward the
commercialization of biofuel production, which involves an HTL pilot-scale plant that operates in a
continuous mode, has received considerably less attention [10]. Only a few published reports relate
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to nutrient recovery following bio-crude production via continuous HTL. One study by Edmundson
et al. [11] has demonstrated that soluble phosphate, which was recovered through acid extraction
from the HTL solid phase that originated from continuous HTL of algae feedstock (total volume of
system ~1.6 L), could be recycled for algae production. However, replacing nitrogen in a growth
medium by using the HTL liquid phase can have a negative effect on the growth rate of algae [11].
McGinn’s study [12] has considered the HTL liquid phase that results from continuous HTL of algae
(total volume of system ~0.45 L). He has noted that the complete decoupling of phosphate (via struvite
MgNH4PO4·6H2O precipitation) and nitrogen as ammonia (through ammonia stripping) from the
HTL liquid phase suggests a flexible method of recycling them for algae cultivation. To the author’s
knowledge, no study has previously reported on the feedstock-related fate of nutrients in a pilot-scale
HTL unit or discussed nutrient recovery in a large-scale HTL scenario in relation to the distribution of
nutrients. This study provides such data, which were gathered in the framework of the HyFlexFuel
project. It assesses two campaigns of a continuous HTL pilot plant. Each campaign used a different
feedstock—primary sewage sludge (PSS) and the microalgae Spirulina (SPR)—both of which are highly
relevant to nutrient recovery.

Interest in converting sewage sludge to bio-crude via HTL has increased in the past few
years [13–15] because of its availability in large volumes as the main byproduct of wastewater
treatment plants, its high water content, and its embedded energy potential. In addition, it is an
attractive secondary phosphate source [16]. Previous studies have found the phosphate from sewage
sludge primarily in the HTL solid phase as a result of a substantial content of metal ions, such as
calcium, iron, and aluminum, and the low solubility of their phosphate salts [6]. While some studies
have focused on the immobilization of heavy metals from sewage sludge in the HTL solid phase [17,18],
no publication has been found that targets the study of phosphate recovery from HTL solid residue of
sewage sludge. Phosphate recovery from the HTL solid phase may be possible in the form of struvite
(MgNH4PO4·6H2O), as previously demonstrated for the related process of hydrothermal carbonization
(HTC). Becker et al. [19] have successfully performed phosphate and nitrogen recovery based on HTC
of digested sewage sludge via precipitation of struvite from a mixture of the HTC liquid phase and
acid leachate from hydrochar. Other studies have also revealed the potential of struvite production
on the basis of hydrothermal treatment of various kinds of biomass [20–22]. Bauer et al. [23] have
evaluated a possible approach to HTL liquid phase management by way of struvite precipitation for a
wide range of biomass that includes pre-digested and digested sludge. Moreover, they have suggested
that struvite precipitation from the HTL liquid phase may be economically appealing.

Microalgae are another promising feedstock for HTL. Their advantages include high annual
biomass productivity, an ability to grow in poor-quality water, high water, and energy content.
Phosphate is significant for various aspects of cellular metabolism of microalgae [24] and is essential
for their growth. Prior studies have demonstrated that the HTL of algae biomass results predominantly
in phosphate as well as nitrogen and other nutrients, such as K, Na, S, and Mg, in the HTL liquid
phase [6,25–27]. The values of nutrients that are recovered in the HTL liquid phase depend heavily
on the process parameter and initial algae composition (e.g., marine or freshwater species). Several
studies that have been driven by the development of scalable algae-based biofuel production have
already addressed nutrient recovery [28]. However, most research has focused on the feasibility
of reusing the HTL liquid phase for algae cultivation to reduce the consumption of fertilizers for
their growth [29]. Leng et al. [30] and Gu et al. [31] have provided a detailed overview of studies
that concern the recycling of nutrients for algae cultivation. Generally, the HTL liquid phase has
to be heavily diluted to avoid the inhibitory effect of organic compounds, such as phenols, furans,
aromatic hydrocarbons, and nitrogenous compounds [26,32], on algal growth rate. Alba et al. [33]
have indicated that the lack of essential nutrients (besides N and P) in the HTL liquid phase, which is
enhanced by dilution, can lead to a reduction in the growth rate. Only a few studies have applied an
integrated approach and precipitated the nutrients from the HTL liquid phase in the form of high-value
products, such as struvite. As noted above, McGinn et al. [12] have decoupled phosphate in the form

130



Energies 2020, 13, 379

of struvite from the HTL liquid phase to minimize the inhibition of algae growth through the presence
of organic compounds. In addition, Shanmugam et al. [34] have used phosphate recovery via struvite
precipitation as a pretreatment for anaerobic digestion of the HTL liquid phase and discovered that the
biogas production from the struvite-recovered HTL liquid phase was 3.5x higher than that from the
non-struvite-recovered HTL liquid phase.

Struvite precipitation is a well-known technology in wastewater treatment for the recovery
of phosphate in the form of slow-release fertilizer [35]. This technique can be coupled with other
processes. Some examples of coupling of struvite precipitation with HTL/HTC have been explained
above, and another example can be found in reference [36]. The major benefit of struvite crystallization
is the production of slow-release fertilizer that is established in the market, transportable, and suitable
for long-term storage. Moreover, struvite production does not require severe process conditions; it is
precipitated through pH adjustments to approximately pH 9, and the addition of a magnesium source,
an ammonium source, or both, if necessary [37]. The production of struvite from HTL byproducts
(HTL solid and HTL liquid phases) and its commercialization present an advantage in terms of the
economic performance of fuel production and sustainability.

The aim of this study is to examine the feedstock-related application of HTL byproducts for
nutrient extraction and evaluate the potential of phosphate recovery in the form of struvite in pilot-scale
HTL bio-crude production. The specific research questions of this investigation are as follows: (1) To
determine the relationship between feedstock and nutrient occurrence in HTL products at the pilot-scale;
(2) to outline perspectives on the use of HTL byproduct streams to produce marketable fertilizer;
and (3) to verify the possibility of efficiently recovering phosphate in the form of struvite from HTL
byproducts by means of a laboratory-scale study.

2. Materials and Methods

2.1. Hydrothermal Liquefaction and its Products

The HTL products that were used in this study were produced at Aarhus University in Denmark
by a continuous pilot-scale HTL reactor with a feed capacity of up to 100 L·h−1, and a total volume of
the system of ~20 L. The detailed HTL reactor system description and the procedure can be found
in reference [38]. In brief, it includes a feed introduction system, heat exchanger, trim heater, reactor,
an oscillation system, a take-off system, and a product collection zone. Primary sewage sludge was
collected in February 2018 from the primary treatment of wastewater at a plant in Viborg, while the SPR
was purchased from Inner Mongolia Rejuve Biotech Co. Ltd. The initial dry matter content of feedstock
slurries amounted to 4 wt% and 16.4 wt% for the PSS and SPR, respectively. Hydrothermal liquefaction
was performed under sub-critical conditions at 220 bars and 350 ◦C. The flow rate of the slurries was
60 L·h−1. The total duration of runs was 5 h and 6 h for the PSS and SPR, respectively. The HTL
gaseous stream was separated from other HTL product streams in hydro-cyclone. The HTL oil phase
that was produced was gravimetrically separated from the HTL liquid and HTL solid byproducts,
which were subsequently separated by filtration [38]. The collected HTL oil, liquid, and solid phases
were distributed to the HyFlexFuel partners for further investigation. The pre-dried feedstock and
HTL solid phase that were obtained from Aarhus were dried at 105 ◦C and stored at room temperature
for future handling. The HTL liquid phase that was obtained was immediately analyzed for elemental
concentration and subsequently stored in a freezer at −24 ◦C prior to processing. The HTL oil phase
that was obtained was stored at 4 ◦C. Figure 1 presents the simplified sample flow diagram and
sample ID.
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Figure 1. Simplified sample flow diagram and sample ID. SP solid phase; LP liquid phase; OP oil phase.
X corresponds to primary sewage sludge (PSS) or Spirulina (SPR) and d to direct.

2.2. Phosphate Recovery.

2.2.1. Solubility Experiments

Solubility experiments were performed to evaluate the potential of phosphate release from
the HTL solid phase if applied directly as a fertilizer or as a phosphate-containing source for
subsequent extraction.

To identify the phosphate form that was presented in the HTL solid phase, the study applied
semi-sequential fractionation extraction following the standards, measurements, and testing (SMT)
harmonized protocol [39,40]. This procedure included 3 separate extraction proceedings to obtain 5
phosphorus fractions: Inorganic (IP) and organic (OP) phosphorus fraction; apatite inorganic (AP:
Ca-bound) and nonapatite inorganic (NAIP: Associated to Al, Fe oxides, and hydroxides) phosphorus
fraction; and, finally, total phosphorus (TP) as an overall characteristic. In addition, independent
solubility behaviors of phosphate and other nutrients from the HTL solid phase in a range of acid-basic
environments were studied. 10 mL of a leaching agent was added to 1 g of the dry HTL solid
phase. The resulting slurry was shaken overnight at room temperature. After phase separation by
centrifugation or filtration with 13 μm filter paper, the equilibrium pH of leachate was measured with
a pH electrode HACH HQ40d. Two experimental setups were conducted. The 1st examined various
leaching agents (1M HCl, 1M H2SO4, 1M NaOH, 1M citric acid). In the 2nd, sulfuric acid was used as
a leaching agent, and their concentrations were varied (0.01M, 0.1M, 0.5M, 1M, 2M). The extraction
capacity for phosphorus and other elements was calculated from the amount of the element that was
extracted in leachate divided by the sample mass:

Extraction capacity =
cleachate ×Vleaching agent

mHTL−X−SP
(1)

where cleachate is the concentration of the element in leachate [mg·L−1], and Vleaching agent is the volume
of the leaching agent [L].

To estimate the percentage of crop-available phosphate in the HTL solid phase, the study applied
the calcium-acetate-lactate (CAL) extraction method (pH 4) [41] that was established in Germany for
soil testing. Extraction was performed according to VDLUFA standard methods [42].

The elemental concentration in all extracts and leachates was measured by ICP-OES (Agilent 715).
Analyses by SMT fractionation, all leaching tests, and the CAL extractions were conducted twice.
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2.2.2. Struvite Production

To verify the possibility of phosphate recovery via struvite precipitation, the following procedure
was conducted:

(1) 5 g of the dry HTL solid phase was suspended in 50 mL Milli-Q water to ensure pumpability at
future large scales, and to reproduce the average output moisture condition from the HTL pilot
plant. The slurry was subsequently leached with 1 molar sulfuric acid at pH 2 for 2 h (SI Analytics,
TitroLine 7000)

(2) 5 mL of phosphate-rich leachate that was separated from the solid residual via filtration was mixed
with the HTL liquid phase, which was high in ammonium ions, in a 1-to-6 ratio to guarantee an
oversaturation state for struvite crystallization [37].

(3) After the addition of a previously estimated amount of MgCl2·6H2O to test the underdose and
overdose scenarios of Mg2+, the mixture was stirred for 2 h at constant pH 9 that was adjusted by
1M NaOH (SI Analytics, TitroLine 7000).

(4) Finally, the solid that precipitated was filtered with 0.13 μm filter paper and dried at 35 ◦C for
future analysis. The HTL liquid phase from the SPR was also directly subjected to the struvite
precipitation through supplementation of the magnesium source and maintained constant pH 9
for 2 h. Each trial was performed in duplicate.

The release rate and recovery rate for identifying the phosphate recovery performance were
calculated as follows (sample ID presented in Figure 1):

Release rate =
mHTL−X−SP − mNR−X−LSP

mHTL−X−SP
× 100, [%] (2)

Recovery rate =
(m NR−X−LLP + m HTL−X−LP) −m NR−X−PLP

(m NR−X−LLP + m HTL−X−LP)
× 100, [%], (3)

where m is the mass of phosphorus in the corresponding stream.

2.3. Analyses

2.3.1. Solid and Oil Phase

The inorganic elemental compositions of the feedstocks, the HTL solid and organic phases and
the solid phases that were obtained during nutrient recovery were determined by ICP-OES (Agilent
715) after acid microwave-assisted digestion. The feedstock, HTL solid phase, and solid phase after
leaching and precipitation (Figure 1) were digested by means of the INVERSE AQUA REGIA method
in accordance with the procedure that has been described in reference [43]. The Feed-X, HTL-X-SP,
and HTL-X-LSP were not completely dissolved during digestion since recalcitrant minerals, such as
silica, were not affected; nevertheless, they are not of interest in the current study. Hence, in spite
of the recognition of the applied procedure, the total element concentration may differ from that
which was obtained due to the limitations of the digestion method. For digestion of the oil phase,
the first step was to add 10 mL of 65% HNO3 and 1 mL of 37% HCl to 100 mg of the organic phase.
The solution was then digested in a microwave (CEM Discover) for 5 min at 220 ◦C. Subsequently,
the completely dissolved samples were diluted to 25 mL with Milli-Q water. All digested solutions
were correspondingly diluted with 1% HNO3 to avoid matrix effects and to adjust to the calibration
range of ICP-OES. The nitrogen content of the HTL oil and solid-phases was identified by an elemental
analyzer (HekaTech, Euro EA). The ash content of the HTL solid samples was determined according to
DIN 51719. The analyses were performed twice.

To specify the minerals that are associated with HTL solid phases and precipitates, the samples
were characterized by powder x-ray diffraction (XRD). The diffraction patterns were recorded on a
PANanalytical X’Pert Pro X-Ray diffractometer with a monochromatic CuKα radiation source. The raw
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data were processed with Xpert-II software, and the mineral phases were identified with the Inorganic
Crystal Structure Database (ICSD). The morphology of the precipitates was characterized by scanning
electron microscopy (SEM; GeminiSEM 500 from Zeiss).

2.3.2. Liquid Phase

The HTL liquid phase, as well as liquid streams from the nutrient recovery (Figure 1), underwent
analysis for pH, elemental concentration, and ammonium nitrogen (NH4-N). NH4-N was determined
with the Hach-Lange cuvette test LCK 304. The inorganic element content was measured with ICP-OES
(Agilent 715) by injection diluted 1-to-10 with 1% HNO3 HTL liquid samples. The nitrogen content
was determined by an elemental analyzer (HekaTech, Euro EA), and the pH was measured by HACH
HQ40d. The analyses were conducted twice.

3. Results and Discussion

3.1. Nutrient Distribution in Feedstocks and Between HTL Products

Table 1 illustrates the difference between PSS and SPR in terms of composition. The ash content,
which reflected the inorganic matter of SPR (5.8 wt%), was similar to those reported by other
studies [22,38,44,45] and significantly lower than the ash content of PSS (19.3 wt%). Its value in the
literature ranged from 7.5 wt% [14,15] to over 30 wt% [46,47]. This variation was linked to the strong
dependencies of the composition of PSS on the sewage sludge source and treatment techniques of
wastewater. The nutrient content in the SPR mainly reflected the elemental concentration of the
cultivation medium that was used [48]. Thus, the analytes of potassium (1.7 wt%), phosphorus
(1.1 wt%), sodium (0.4 wt%), and magnesium (0.3 wt%) constituted the main inorganics of SPR,
which (with the exception of magnesium) was in accordance with previous studies [26]. By contrast,
calcium (4.0 wt%), phosphorus (2.1 wt%), iron (0.6 wt%), and aluminum (0.4 wt%) constituted the
major inorganic composition of PSS [49]. The higher protein content in SPR [50] resulted in higher
nitrogen and sulfur contents compared to those in PSS.

Table 1. Nutrient distribution in feedstocks and between hydrothermal liquefaction (HTL) products
(mean value (MV) ± standard deviation (SD) of two replicates).

Sample ID Ash P N K S Na Mg Ca Fe Al

- wt% mg·g−1 wt% mg·g−1 mg·g−1 mg·g−1 mg·g−1 mg·g−1 mg·g−1 mg·g−1

Feed-PSS a 19.3 21.2 2.9 2.2 3.7 2.7 1.4 40.2 6.4 3.6
± 0.6 2.5 0.0 0.4 0.1 0.6 0.2 4.7 0.4 0.2

Feed-SPR a 5.8 11.1 11.1 17.1 8.0 4.5 3.2 1.1 0.7 0.1
± 0.0 1.1 0.0 1.7 0.7 0.5 0.3 0.1 0.1 0.0

HTL-PSS-OP b
28.4 c 28.5 2.0 0.7 2.9 0.3 3.1 48.2 7.6 4.2

± 3.9 0.1 0.1 0.4 0.0 0.4 11.8 0.6 0.7

HTL-SPR-OP b
6.6 c <0.1

6.5
<0.1

8.3
<0.1 <0.1 <0.1

0.9
<0.1± 0.1 0.7 0.0

HTL-PSS-SP a 79.6 99.2 0.9 2.6 2.0 1.0 14.5 220.4 14.7 18.4
± 0.2 1.8 0.0 0.1 0.1 0.0 0.1 15.4 3.4 0.0

HTL-SPR-SP a 32.0 58.2 5.3 15.9 7.8 11.4 38.4 22.6 7.2 1.8
± 0.2 0.8 0.0 0.3 0.4 0.2 0.8 0.6 0.1 0.0

wt% mg·L−1 wt% mg·L−1 mg·L−1 mg·L−1 mg·L−1 mg·L−1 mg·L−1 mg·L−1

HTL-PSS-LP
NA d 15.8 0.1 97.6 54.3 157.8 13.9 3.2

<0.3 <1.5± 1.4 0.0 5.4 0.4 8.5 1.4 0.1

HTL-SPR-LP
NA d 1082.4 1.1 2243.7 403.4 541.0 0.2 4.5 0.9

<1.5± 58.0 0.2 176.6 22.5 53.7 0.1 0.5 0.1
a on dry basis; b analyzed as received; c from [38]; d not analyzed.
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Differences in the composition and structure of feedstocks resulted in disparate distributions
of nutrients in the HTL products (Table 1). The inorganics that were found in the oil phase can
have an impact on upgrading to fuel [51–53]. For example, phosphor- and iron-containing species
could settle on the upgrading catalyst, thereby blocking access to the catalyst interior and thus
deactivating it. The pollution of the HTL oil phase with nitrogen also appears to inhibit the upgrading
step [54]. The low level of sulfur in the HTL oil phase could have a negative effect on the activity of
conventional sulfided upgrading catalysts, e.g., CoMo catalyst [52,55]. In the SPR oil phase, iron was
present in abundant concentrations (0.1 wt%). These results concur with previous studies of HTL of
microalgae [44,56,57]. Iron-associated proteins that were present in microalgae biomass [58] appeared
to be stable to decomposition during HTL and can be recovered in bio-crude as iron-porphyrins [51].
The demineralization regarding iron was difficult [59] and required more detailed investigation.
The PSS oil phase was contaminated primarily by the elements of calcium (4.5 wt%) and phosphorus
(2.8 wt%). The presence of inorganic elements in HTL-PSS-OP may be related to solid particles [60].
To investigate this hypothesis, the PSS oil phase was dissolved in ethanol, and the measurement of the
particle size distribution was conducted with dynamic image analysis after destroying agglomerates
in an ultrasonic bath. It was detected that a noticeable number of particles with a mean diameter of
38 μm were suspended in the PSS oil phase (see Figure S1). In contrast, by the same method, a number
of solid particles in HTL-SPR-OP were negligible. The transport of solid particles in the oil phase is not
yet known. Their content could be reduced by, for example, an in-line filtration system during HTL,
which was not in operation during the present study [38,61].

A proportion of biomass phosphorus (as phosphate) was recovered in both the HTL solid and
liquid phases. The HTL solid phase was the main reserve of phosphate from the PSS, as in Marrone’s
study [15], while the phosphate from the SPR was found in both the HTL solid and liquid phases (Table 1).
Moreover, the content of phosphorus in HTL-SPR-LP was in the range of previous studies [26,32].
The distribution of phosphate can relate to the presence of other dissolved multivalent metal ions,
such as Ca2+, Mg2+, Al3+, and Fe2+/3+ [6,62], in the reaction solution that tended to precipitate in the
form of phosphate salts under a subcritical condition [63–65]. Their high concentration can shift the
phosphate from the liquid phase to the solid phase. Therefore, the considerable concentration of metal
ions (primarily Ca2+) in PSS compared to SPR could be responsible for the recovery of phosphate in the
HTL solid phase. While the multivalent ions demonstrated a tendency to precipitate under the studied
hydrothermal conditions—which was reflected in the fact that calcium, magnesium, iron, and aluminum
were mainly recovered in the HTL solid phase—the monovalent ions (K+, Na+) remained dissolved
in the HTL liquid phase. A similar tendency has been described in references [66,67]. The nitrogen
that was recovered in the HTL liquid phase, which resulted from the degradation of proteins under
hydrothermal conditions [15,26], was clearly higher for HTL-SPR-LP than for HTL-PSS-LP. The different
levels of nitrogen (as ammonium) in the HTL liquid phase between PSS and SPR resulted in different
pH levels [68]. The pH of the HTL liquid phase from the processing of SPR became basic (pH 8.5),
and that of PSS became neutral (pH 7.0), which in turn induced alteration of the mineral solubility.

Figure 2 presents the estimated elemental balance for the experimental HTL pilot plant runs of
PSS and SPR. By taking into account the mean yield of the oil phase (24.5 wt% and 32.9 wt% on a
dry basis [38]), the dry matter content of feedstock slurries, the flow rate of slurries, and the total
duration of runs, the elemental balance was calculated from the average elemental content in the HTL
products that were obtained after the reactor runs (Table 1). The density of slurries was calculated with
consideration to the percentage of solids in the slurry and by a solid density of 500 kg·m−3 [38]. It is
important to note that the yields of gas, liquid, and solid HTL byproducts were not directly measured
at this stage of the development of the HTL pilot plant. The yields for the gas and solid phases, which
were determined on the basis of the dry matter of feedstock, were taken from previous studies at the
batch system as average values. The yields for the HTL solid and gas phases were assumed to be
10 wt% and 14 wt% [47,69] for PSS and 5 wt% and 20 wt% [9,44,47,50] for SPR. The amount of the HTL
liquid phase after the run was calculated as the difference between the mass of feedstock slurry and
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the mass of oil, solid, and gas phases that were produced in each run. The percentage of the respective
elements for the HTL runs of PSS and SPR was calculated from the division of the mean amount of the
element in the corresponding phase by the mean amount of this element in the biomass feedstock.
The SD of the percentage was calculated from the SD of the elemental content in the biomass feedstock
and the HTL product (Table 1); the SD of the yield of the HTL product was not taken into account due
to lack of information.

Figure 2. Estimated elemental balance for HTL runs of PSS (A) and SPR (B) (MV ± SD; error bars are
not shown in the figure).

Such assumptions might lead to an over- or underestimation of the elemental mass balance.
In general, a lower balance closure was observed for the HTL run of PSS than for the HTL run of SPR.
The mass balance for HTL of PSS (Figure 2) indicated an overestimation of good soluble elements,
such as potassium and sodium, and underestimation of poor soluble elements, such as phosphorus,
calcium, iron, and aluminum. The causes for this over- or underestimation are unclear but might
originate from an overestimation of the amount of the HTL liquid phase or an overestimation of the
elemental content by, for instance, evaporation of some HTL liquid phase during sampling (for K
and Na) or from fouling and deposition in the reactor (for P, Ca, Fe, and Al). The especially high
overestimation of magnesium in PSS is questionable and might be due to contamination of the pilot
plant from previous runs. The calculated mass balance for the HTL run of SPR (Figure 2) is more or
less closed. Only the balance for calcium exceeded 100%, which may be linked to the dissolution of Ca
deposits in the reactor. In addition, the sampling of a multi-phase system is always challenging since
the ratio of the phases might not be correct in each sample. Despite the over- and underestimation,
several general tendencies regarding mass balance can be identified. The preliminary mass balance
can assist in selecting a promising strategy for nutrient extraction.

The phosphorus balance was closed at 82% and 80% for the HTL run of PSS and SPR. The balance
suggests that approximately half of the phosphorus from the processed SPR was extracted in the HTL
liquid phase, while half of the phosphorus from PSS in the HTL solid phase. The smaller fraction
of phosphorus from SPR was recovered in the HTL solid phase, and from PSS in the bio-crude.
The phosphorus distribution determines the possibility of using the HTL solid and liquid phases as an
indirect or direct source of phosphates in the case of HTL of PSS and SPR, respectively. Nonetheless,
there appears to be a strong tendency to recover phosphates with the PSS bio-crude. As mentioned,
a substantial load of particles with a mean diameter of 38 μm were impurifying the crude oil. Therefore,
the phosphate remains in mineral form and can be filtered from the crude oil. The data for nitrogen also
provided an acceptable balance. Approximately four-fifths of the recovered nitrogen was in the HTL
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liquid phase for the HTL run of PSS, and three-fourths for the HTL run of SPR. Thus, the availability
of nitrogen for recovery from the liquid phase was increased by HTL. Magnesium, calcium, iron,
and aluminum from PSS exhibited the same tendency as the phosphorus distribution. Meanwhile,
these metals from SPR, with the exception of iron, were recovered primarily in the HTL solid phase.
The occurrence of iron in the form of recalcitrant porphyrin in bio-crude has already been discussed.
The majority of the potassium and sodium that were initially present in PSS and SPR was found in the
HTL liquid phase, which was consistent with previous studies on batch systems [66].

3.2. Strategy of Phosphate Recovery

The mass balance that has been presented in Section 3.1 demonstrates that the HTL solid byproduct
could be an appropriate point for phosphate recycling and reuse. In view of the aforementioned
disadvantages, this work does not further consider the direct use of the HTL liquid. The HTL solid
phase from PSS and SPR with the agronomic relevant composition (N-P2O5-K2O) of 0.9-22.7-0.4 and
5.3-13.3-1.9 (Table 1), respectively, may represent a material with properties that are relevant to the
application as a fertilizer. For this purpose, the phosphate must be released from the HTL solid phase
to become available for the crops. The release behavior of phosphate is related to its form.

Figure 3 presents the respective content of the various forms of phosphate in the HTL solid
phases from PSS and SPR, as well as the percentage of crop-available phosphate. The phosphate
was mainly present in IP form; in both cases, the OP amounted to less than 1%. Moreover,
IP consisted mainly of AP (97 wt% and 65 wt% for HTL-PSS-SP and HTL-SPR-SP, respectively).
The phosphate form distribution was in line with those in previous studies of phosphate behavior
under hydrothermal conditions [70–73]. The higher percentage of AP in the HTL solid phase from PSS
could relate to the higher level of calcium in PSS (Table 1) compared to in SPR [73]. The Ca-bound
phosphate was the most prevalent phosphate form in HTL-PSS-SP, which was consistent with XRD
analysis. Such analysis concluded that calcium phosphate with inclusions of sodium and magnesium
((Ca3.892Na0.087Mg0.021)(Ca5.491Na0.121Mg0.028)(PO4)5.1) was the most abundant phosphate crystalline
mineral in the HTL solid residual from PSS (see Figure S2). This finding was consistent with findings of
minerals by other researchers after hydrothermal treatment of biomass that is rich in metals [43,74,75].
In turn, the recorded diffraction patterns of HTL-SPR-SP corresponded to a dittmarite mineral
(NH4MgPO4·H2O) (see Figure S2). In contrast, Roberts et al. [64] have detected hydroxyapatite after
HTL of microalgae biomass. The differences may be explained by the lower calcium content in SPR
and the presence of calcium phosphate in HTL-SPR-SP in an amorphous form [74] that cannot be
detected by XRD. The CAL-P extraction illustrated that these minerals might not be used directly
as fertilizer. The crop-available form of phosphate was only 1 wt% in HTL-PSS-SP and 31 wt% in
HTL-SPR-SP. Furthermore, previous studies [17,18] have identified enrichment of the HTL solid phase
with heavy metals. Thus, a concentration of phosphate in high-value fertilizer, such as struvite was
required. Struvite production through the approach of precipitating phosphate that was released from
the HTL solid phase [19] does not seem difficult to implement at the industrial scale and is investigated
further in the next section.

3.3. Phosphate Recovery

3.3.1. Release of Phosphate from the HTL Solid Phase

Section 3.2 has identified the HTL solid phase as a phosphate-containing source. The release of
phosphate from mineral phases by wet chemical extraction (also known as leaching) is the most common
technique, as it offers high efficiency and low energy demand. On the other hand, the consumption of
the leaching agent and the co-dissolution of inorganic species other than phosphate salts can negatively
affect the extraction. The leaching study was carried out with the aim of identifying optimal conditions
for the production of phosphate-rich leachate with high purity for struvite precipitation.
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Figure 3. Different forms of phosphate as well as the crop-available form of phosphate in HTL solid
phase (MV ± SD of two replicates; error bars are not shown in the figure). The percentage was calculated
as follows: (AP(IP, OP, or CAL-P)/TP) × 100%.

Figure 4a indicates that sulfuric and hydrochloric acids provided a considerable phosphate
extraction capacity for the HTL solid phase from both PSS and SPR (equilibrium pH of leachate
<2). The application of NaOH as a leaching agent was limited. The environmentally beneficial
citric acid demonstrated a lower efficiency than that of mineral acids for phosphate recovery from
HTL-PSS-SP. The reason for this lower efficiency could be the precipitation of secondary nonapatite
phosphate in the case of citric acid. Together with calcium phosphates, other acid-soluble compounds
that present in HTL-PSS-SP, such as CaCO3 and Mg-, Fe-, and Al-containing compounds, might be
decomposed as well. The released from calcium phosphate PO4

3− ion can instantly bind with available
aluminum or iron ions that have a high affinity for phosphate and precipitates, such as secondary Al-
and Fe-phosphate salts. According to a study of phosphate solubility by Stumm and Morgan [76],
when decreasing the pH, the Ca-phosphate dissolved first, with the Al-phosphate and Fe-phosphate
following, respectively. Almost complete acidic phosphate dissolution can be expected at pH< 2 [77,78].
Thus, the precipitation of secondary Al- and Fe-phosphate salts may explain why weaker citric acid
(equilibrium pH of leachate >2) exhibited a poorer extraction performance compared to sulfuric
and hydrochloric acid for HTL-PSS-SP. This suggestion was also supported by the higher extraction
capacities of aluminum and iron ions with H2SO4 than with citric acid. For sulfuric acid as a leaching
agent, the extraction capacities of aluminum and iron were 5 mg·g−1 and 20 mg·g−1, respectively.
For citric acid, the capacities were 2 mg·g−1 and 10 mg·g−1, respectively. In contrast, the extraction
efficiency of citric acid for HTL-SPR-SP was comparable to those of sulfuric and hydrochloric acids.
This finding can be linked to the higher solubility of the phosphate forms in HTL-SPR-SP compared to
the phosphate forms in HTL-PSS-SP (Figure 3). Furthermore, the contents of aluminum and iron in the
HTL solid phase from SPR were lower (0.2 wt% and 0.7 wt%, respectively) than from PSS (1.8 wt%
and 1.5 wt%, respectively). The molar relation between metal ions and phosphate in the HTL solid
phase from SPR (Al/P ~0.03 and Fe/P ~0.07) was lower than that from PSS (Al/P ~0.21 and Fe/P ~0.08),
which can result in less co-precipitation of secondary Al- and Fe-phosphate salts [77]. While citric acid
provided a high extraction capacity for HTL-SPR-SP, its application may be limited by its negative effect
on subsequent precipitation [79]. Figure 4a conveys that sulfuric acid is more selective to phosphate
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release compared to other leaching agents. Significantly less calcium was found in the extract with
the application of sulfuric acid, which could relate to the simultaneous co-precipitation of calcium
sulfate (gypsum) [80]. This co-precipitation can be seen specifically in the decreasing calcium ion
concentrations with increasing concentrations of sulfuric acid in Figure 4b. Large-scale use of sulfuric
acid is beneficial from an economic perspective because it offers a low cost as a byproduct of the
desulfurization of natural gas and petroleum. Consequently, sulfuric acid was selected as the leaching
agent for the following study.
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Figure 4. Effect of the leaching agent (a) and H2SO4 concentration (b) on the extraction capacity of
elements P, K, Mg, Ca, Fe, and Al for the HTL solid phase from PSS (A) and SPR (B).

Phosphate was extracted at multiple sulfuric acid concentrations. Figure 4b indicates that an acid
concentration of 0.1M provided incomplete extraction (22% in the case of HTL-PSS-SP and 47% in
the case of HTL-SPR-SP). The maximum extraction capacity from the HTL solid phase was achieved
at 0.5M. Higher acid concentrations, which imply an increase of H+ per g of the HTL solid phase,
did not result in a significant improvement in extraction results. The estimation of acid consumption
for the phosphate release was essential for the technical feasibility of phosphate recovery technologies.
The amount of acid that is required depends on the chemical composition of the HTL solid phase.
Calcium phosphate is its main constituent (Figure 3) and reacts essentially with acid; thus, it is the
main acid consumer. The literature has reported an average acid consumption for solid residuals that
are rich in calcium phosphate was around 3 mol H+ pro mol P [77,80,81]. If one assumes an average
consumption of sulfuric acid of 3 mol H+ pro mol P to dissolve the phosphates in the HTL solid phase
at a given liquid-to-solid ratio (10:1), then sulfuric acid with concentrations of 0.5M and 0.3M should
be sufficient to release phosphate from HTL-PSS-SP and HTL-SPR-SP, respectively. These calculated
concentrations are positively reflected in the experimental data in Figure 4b.

In the context of sustainability, the potential to recycle the remaining acid-insoluble solid residue
should also be considered. This acid-treated residual contains low concentrations of phosphorus.
The concentrations of other major elements are also altered. The byproduct of leaching of the HTL solid
phase from PSS could be used, for example, for the production of activated carbon [21] or as pozzolan
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in concrete [82]. Of course, the high sulfur content due to gypsum precipitation in the leaching step
(with sulfuric acid) warrants attention. Further work with acid-washed HTL residues is required to
improve the current understanding of this material.

3.3.2. Phosphate Precipitation in the Form of Struvite

This section examines phosphate separation in the form of struvite (MgNH4PO4·6H2O) by mixing
phosphate-rich leachate with the HTL liquid phase that contains an ammonium ion. Ammonium
nitrogen (NH4-N) amounted to 320 mg·L−1 in HTL-PSS-LP and to 6800 mg·L−1 in HTL-SPR-LP.
The measured concentration can be lower than the real one because of the possible loss of some
ammonium during the thawing of the liquid samples. Since half of the phosphate from SPR (Figure 2)
remains after HTL in the liquid phase, the possibility of direct struvite crystallization from the HTL
liquid phase was examined. Table 2 presents the nutrient distribution in process streams that circulated
in nutrient recovery (Figure 1), while Table 3 illustrates the performance of the nutrient recovery.

Table 2. Nutrient distribution in the streams circulated by phosphate precipitation.

Sample ID P N K Mg Ca NH4-N

- mg·g−1 wt% mg·g−1 mg·g−1 mg·g−1 mg·g−1

NR-PSS-LSP 47.5
NA a 2.1 7.9 109.8 -± 3.0 0.1 0.2 5.8

NR-SPR-LSP 7.2
NA a 2.5 2.7 25.5 -± 0.6 0.1 0.4 0.1

NR-PSS-PSP 97.9 3.9 1.2 75.2 15.7 -± 8.2 0.0 0.2 6.0 2.2

NR-SPR-PSP 90.0 5.3 2.2 68.8 7.7 -± 8.6 0.0 0.2 6.8 0.5

NR-SPR-dPSP 95.6 5.2 1.4 87.1 0.2 -± 4.9 0.0 0.2 11.5 0.0

- mg·L−1 wt% mg·L−1 mg·L−1 mg·L−1 mg·L−1

NR-PSS-LLP 3890.1
NA a 5.0 466.3 1066.3

NA a± 146.9 0.0 21.7 7.5

NR-SPR-LLP 4309.1
NA a 1087.0 2232.2 440.6

NA a± 33.4 25.8 2.5 5.1

NR-PSS-PLP 5.2
NA a 51.4 846.0 119.9 53.5

± 0.2 1.3 30.3 10.8 7.5

NR-SPR-PLP 449.4
NA a 1100.6 0.1 9.4 4080.0

± 44.2 119.7 0.0 0.6 510

NR-SPR-dPLP 1.0
NA a 1063 292.2 3.8 44,650

± 0.0 75.7 57.1 1.3 525
a not analyzed.

The release rate of phosphate from the HTL solid phase from PSS was lower than that from HTL
solid phase from SPR. The previous section has suggested that approximately 3 mol H+ pro mol P
was required to dissolve the phosphate from the HTL solid phase from PSS. To set and maintain
pH 2, 2.7 mL H2SO4 pro g of the HTL solid phase from PSS was piped into the system. Assuming
complete dissociation of H2SO4 corresponded to approximately 1.6 mol H+ pro mol P at the given
liquid-to-solid ratio. There does not seem to be sufficient H+ to provide complete dissolution of primary
and secondary phosphate. In the case of SPR, the H2SO4 guided into the system was equivalent to
approximately 2 mol H+ pro mol P. It was sufficient to result in the dissolution of a major part of the
phosphate and conforms to the previously specified considerations.
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Table 3. Performances of phosphate recovery.

X Unit PSS SPR dSP

Leaching

HTL-X-SP/H2O - 1:10 1:10 -
1M H2SO4/HTL-X-SP mL·g−1 2.7 ± 0.3 2.2 ± 0.1 -

Extraction capacity of P mgp·g−1
sp 49.4 ± 2.3 52.2 ± 0.1 -

Release rate P % 49.9 ± 2.2 90.2 ± 0.8 -

Precipitation

Leachate/HTL-X-LP - 1:6 1:6 -
NH4

+:PO4
3− mol·mol−1 1.1 8.4 13.9

Mg2+:PO4
3− mol·mol−1 2.6 0.4 1.5

Mg2+:Ca2+ mol·mol−1 12.3 11.8 467
Recovery rate P % 99.0 ± 0.0 66.5 ± 2.9 99.9 ± 0.0

Recovery rate Mg % 22.6 ± 3.0 99.9 ± 3.0 67.9 ± 4.3
NH4-N recovery % 79.4 ± 2.8 19.4 ± 9.3 8.0 ± 4.4

Masse precipitate/P in initial mix solution g·g−1
P 11.1 ± 0.2 5.8 ± 0.1 9.3 ± 0.0

The recovery rate of phosphorus from the mix solution was approximately 99% and 66% for PSS
and SPR, respectively, and approximately 99.9% for direct precipitation from the HTL liquid phase of
SPR. The pH, molar ratio of the participating ions (PO4

3−, Mg2+, NH4
+), and presence of foreign ions

(e.g., Ca2+) are among the major parameters that affect the struvite crystallization [83]. The formation
of struvite occurs with the creation of supersaturation (index of the deviation of a dissolved salt from
its equilibrium), which is the driving force of crystallization. Supersaturation may be achieved by
increasing any or all concentrations of ammonium, magnesium, phosphate, and pH in the solution.
In general, pH 9 is optimal for struvite precipitation [84]. To attain oversaturation in the mixed solution
(spontaneous formation of struvite), the phosphate-rich leachate was mixed with the HTL liquid phase
that was high in ammonium ions in a 1-to-6 volume ratio. The results were the molar ratios of 1.1 and
8.4 for PSS and SPR, respectively. The molar ratio of NH4

+:PO4
3− in the HTL process water of SPR

was 13.9. The excess of ammonium is beneficial for struvite crystallization [85,86] and could positively
affect the purity of the precipitate, as supported by the fact that the nitrogen content in the precipitate
from SPR (5.3% and 5.2%) was higher than from PSS (3.9%) and within range of the theoretical value
of 5.7%. In contrast, the overdose of ammonium resulted in a low recovery rate of ammonium ions
(only 19% and 8% for SPR compared to 79% for PSS). The magnesium-to-phosphate molar ratio was
also key during struvite crystallization. The magnesium content in leachate and process water was
low relative to the phosphate content. Thus, the Mg2+:PO4

3− ratio had to be adjusted by the addition
of a magnesium source, which provided the Mg2+ that was required for oversaturation and offsets
the negative effect of the calcium ion, which competed with the magnesium ion for the phosphate
ion [83]. In the case of PSS, the Mg2+:PO4

3− ratio was adjusted to approximately 2. The underdose
and overdose scenarios were compared for SPR as feedstock with a low concentration of Ca2+. In the
case of an underdose of magnesium, the recovery rate was approximately 66%, which indicated that
the magnesium ion was a limiting factor for struvite precipitation. This finding was in line with
reference [86]. Thus, to improve the performance of phosphate recovery for SPR, a higher magnesium
ion dose was necessary. However, it is notable that the optimal design of phosphate recovery entails a
compromise between the performances and chemical consumption.

The percentage of each element (Table 2) in the precipitate was compared with the theoretical
value for pure struvite as a reference (12.6 wt% P; 5.7 wt% N; 9.9 wt% Mg). It can be concluded that the
precipitate correlated well with struvite. This suggestion was further confirmed by the XRD analysis.
The XRD patterns of the precipitate matched the reference struvite (see Figure S3). Figure 5 presents
the SEM image of the precipitate that was obtained. The SEM images revealed coarse, irregularly
shaped crystals of various sizes. The most commonly observed crystals in the precipitate from PSS
had an average length of 10 μm. The crystals were larger in the case of SPR. An excess of ammonium
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ions may account for the larger size, as already illustrated by other research [83,87]. In addition to the
struvite crystals, other solid precipitates were found (marked with yellow arrow). This co-precipitates
might be amorphous calcium phosphate. The smaller amount of Ca2+ in the case of SPR can result in
fewer impurities in the form of calcium phosphate, as evident in the SEM images.

PSS SPR dSPR 

   

  

Figure 5. Scanning electron microscopy images of the precipitates that were obtained by mixing
phosphate-rich leachate from the HTL solid phase with the HTL liquid phase (PSS and SPR) and by
direct precipitation from the HTL liquid phase (dSPR). Solid precipitates different from struvite are
marked with a yellow arrow.

It has been indicated that acid dissolving of phosphate followed by precipitation of struvite is an
effective approach for HTL-based phosphorus recovery. To scale up and optimize the performance of
this approach in terms of the quantity of struvite that it generates, the characteristics (size and purity)
of the precipitate, and the consumption of chemicals, it is necessary to gain additional insight into
struvite formation, which requires a detailed study.

3.3.3. Overall Consideration of Process and Mass Flow of Macronutrients

The phosphate recovery performance in the laboratory-scale study and the elemental balance that
was calculated for the HTL pilot plant were used to calculate the mass flow diagram of macronutrients
during the HTL coupling with nutrient recovery (see Figure 1). The calculated mass balance can help
to reduce the process development time and identify future research potential.

The mass flow for PSS (Figure 6a) implies a relatively low recovery rate of phosphate from
unprocessed PSS in the form of struvite. It can firstly be linked to the recovery of a considerable
amount of phosphate in the HTL oil phase and, secondly, to the non-optimal efficiency of the leaching
step. The increase of acid consumption (Section 3.3.2) to approximately 3 mol H+ pro mol P might lead
to the complete dissolution of the phosphate and an improvement in leaching efficiency. Moreover,
the release of more phosphate may result in an increase in the HTL liquid phase and the Mg source
consumption to cover the corresponding ion ratio as well as in the NaOH consumption for adjusting
the pH. For example, an increase of 1M H2SO4 up to 1 L·h−1 (corresponds to 3 mol H+ pro mol P) can
require an increased HTL liquid phase to provide NH4

+:PO4
3− of 1.6 up to 55 L·h−1. This amount may

conflict with the amount of the liquid phase that originates from HTL (calculated at approximately
57 L·h−1). The increase in chemical consumption that [88] has been identified as a major part of struvite
production costs could result in heightened operating costs. The improvement of nutrient performance
necessitates a trade-off between the amount and quality of struvite and the consumption of ammonium
and magnesium sources as well as NaOH.
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Figure 6. Overall process considerations and mass flow of macronutrients for HTL of PSS (a) and SPR
(b,c). The sample ID can be found in Figure 1.

Figure 6b,c presents macronutrients flow from SPR in the precipitation struvite from the mix
solution of leachate and the HTL liquid phase and in the direct precipitation from the HTL liquid phase.
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Approximately 40% and 54% of the phosphate from the unprocessed SPR was recovered in the struvite
in Figure 6b,c, respectively. The HTL liquid phase from SPR is the ammonium-rich stream, and an
excess of ammonium ions presents in both cases, which can cause a low recovery rate of ammonium
ions. In the first case, the amount of ammonium that is required for struvite precipitation can be
regulated and optimized by adjusting the mix ratio of leachate and the HTL liquid phase. Meanwhile,
in the case of direct precipitation, it is more difficult to control and adjust the optimal NH4

+:PO4
3−.

Further research should consider how to approach the ammonium-rich post-precipitation liquid phase.
Possible strategies include stripping ammonia and recovering it in the form of the fertilizer ammonium
sulfate [89] or using activated carbon as a sorbent for ammonium separation. In such a case, the struvite
crystallization could be beneficial as a pre-treatment technique.

In summary, the recovery of phosphate from the HTL residual stream was successfully performed.
The process variations (H2SO4, NaOH, and Mg dosages as well as the amount of the HTL liquid phase)
and the composition of the initial solution are the main challenges in developing an efficient and
cost-effective process design for the struvite precipitation.

4. Conclusions

Biorefineries that are based on HTL and utilize feedstocks with high nutrient loads can add value
to the production chain of liquid biofuels relatively easily through the addition of struvite-producing
units. For high-protein and low-ash feedstock, such as SPR, a one-step approach to directly precipitate
struvite from the HTL liquid phase recovers most of the phosphate. Still, ammonium is present in
such substantial loads that additional treatment becomes mandatory. Since ammonia stripping is
usually a disadvantage of struvite precipitation, such effect might be forced tothe extent that ammonia
is recovered as, for example, ammonia sulfate during the production of struvite. The sewage sludge
that is processed by HTL provides a solid residue that is suitable for recovering phosphate as struvite
by means of acid leaching and the addition of released phosphate to the ammonium-rich HTL liquid
phase. The larger problem in recovering phosphate is to recover the fine particulate solid residue
that is dispersed in the bio-crude oil. Further development of possible in-line filtration during HTL
might resolve this problem and enable, along with a future optimization study of precipitation and
leaching step, a way to higher phosphate recovery rates for the HTL solid residue, as illustrated by the
mass flow.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1073/13/2/379/s1, As
supplementary materials are available: Figure S1. The particle-size distribution in HTL oil phase from PSS; Figure
S2. XRD analysis of HTL solid phase from PSS and SPR; and Figure S3. XRD analysis of precipitate from PSS and
SPR.
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Abstract: This study aimed to evaluate the synthesis and application of heterogeneous catalysts
based on heteropolyacids for 5-hydroxymethylfurfural (HMF) production from glucose. Initially,
assays were carried out in order to establish the most favorable catalyst synthesis conditions. For
such purpose, calcination temperature (300 or 500 ◦C), type of support (Nb2O5 or Al2O3), and
active phase (H3PW12O40—HPW or H3PMo12O40—HPMo) were tested and combined based on
Taguchi’s L8 orthogonal array. As a result, HPW-Nb2O5 calcined at 300 ◦C was selected as it presented
optimal HMF production performance (9.5% yield). Subsequently, the reaction conditions capable
of maximizing HMF production from glucose using the selected catalyst were established. In these
experiments, different temperatures (160 or 200 ◦C), acetone-to-water ratios (1:1 or 3:1 v/v), glucose
concentrations (50 or 100 g/L), and catalyst concentrations (1 or 5% w/v) were evaluated according
to a Taguchi’s L16 experimental design. The conditions that resulted in the highest HMF yield
(40.8%) consisted of using 50 g/L of glucose at 160 ◦C, 1:1 (v/v) acetone-to-water ratio, and catalyst
concentration of 5% (w/v). Recycling tests revealed that the catalyst can be used in four runs, which
results in the same HMF yield (approx. 40%).

Keywords: 5-hydroxymethylfurfural; glucose; heteropolyacid catalysts

1. Introduction

In an attempt to reduce global dependence on fossil resources, which are associated with important
negative environmental impacts, new technologies have been developed that aim to use renewable
feedstock (lignocellulosic raw materials) for the production of fuels and chemicals [1]. Lignocellulosic
biomass is an interesting raw material for such application, since it is widely available in the form
of agricultural, agro-industrial, and forest residues, inexpensive, and rich in sugars that can be used
for producing numerous compounds of industrial interest. Among the compounds that can be
produced from lignocellulosic materials, furans such as furfural and 5-hydroxymethylfurfural (HMF)
are molecules of enormous interest, since they have numerous applications in the chemical industry [2].

HMF is a building block platform chemical that can be used to produce various other compounds,
including 2,5-dimethylfuran (DMF) and liquid fuels, as well as high added-value products such as
polyesters, dialdehydes, ethers, among others [3,4]. Due to its wide-ranging applications, it has been
considered as one of the 10 highest value platform molecules by the United States Department of
Energy [5,6]. Recently, there has been enormous interest in new processes aiming to obtain HMF in
order to supply the booming market and provide more sustainable production alternatives. Leading
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companies in renewable technologies, e.g., Avantium and AVA Biochem, have sought processes in order
to produce HMF from lignocellulosic biomass in a pilot scale aiming at the production of bioplastics and
other compounds [4,7]. Production of 2,5-furan-dicarboxylic acid (FDCA) is particularly highlighted
due to its application as precursor monomer of the bioplastic polyethylene furanoate (PEF), which is
a potential replacement for the conventional polymer polyethylene terephthalate (PET) [5,6].

HMF can be obtained by dehydrating hexose sugars, such as glucose or fructose. However, glucose
costs less when compared to fructose and can be found in greater amounts in the form of cellulose in
lignocellulosic materials, therefore being more attractive to be used in large-scale HMF production.
The process to convert glucose into HMF is influenced by several variables, such as the temperature,
type of catalyst, reaction time, and reaction medium composition. Regarding the reaction medium,
a variety of solvents has been evaluated for such a purpose, including aqueous, organic, and biphasic
systems (water mixtures and organic solvents), as well as ionic liquids [8–11]. Glucose dehydration
reactions tend to be more selective in the presence of aprotic solvents, e.g., dimethylsulfoxide (DMSO),
tetrahydrofuran, acetone, and n-butanol. Aqueous media have resulted in low yields, i.e., close
to 20% [7,12], as they favor the formation of undesirable products (humin and furfural) and HMF
rehydration reactions, which lead to the production of levulinic and formic acids [5,13]. Ionic liquids
have provided conversion yields of over 30% [14,15]; however, final product separation is more difficult
when using these solvents, in addition to being quite costly and toxic [3]. Taking all these considerations
into account, biphasic systems (water/solvent) have been considered the most interesting alternative to
HMF production.

The catalyst is also a significant variable that affects glucose conversion into HMF. When
compared to homogeneous catalysts, the use of heterogeneous catalysts has shown better selectivity
and lower costs, especially because they ease product separation, as well as catalyst recovery
and reuse [7,16]. Several heterogeneous acid catalysts such as zeolites, metal oxides, silica,
aluminosilicates, alumina, sulfated and tungsten zirconia, and superacid catalysts, have been studied
for such a process. However, catalysts based on heteropolyacids have been slightly explored
for HMF production, although these catalysts have shown promising results in reactions such
as esterification [17], transesterification [18], hydrodesulfurization [19], glycerol dehydration [20],
benzaldehyde acetylation [21], and isomerization [22]. Some studies showed HMF yields over 30%
using H3PW12O40 —HPW as homogeneous catalyst combined with boric acid in liquid ionic media [23]
or using HPW as heterogeneous catalyst by the reaction with a liquid ionic [24] or AgNO3 [25] in
a biphasic system.

Thus, this study aimed to define the conditions to prepare heterogeneous catalysts based on
heteropolyacids to be used in HMF production from glucose. Initially, assays were carried out to
establish the conditions for catalyst synthesis. Different conditions were tested, such as calcination
temperature (300 or 500 ◦C), type of support (Nb2O5 or Al2O3), and active phase (H3PW12O40—HPW
or H3PMo12O40—HPMo). The catalyst that presented optimal performance to convert glucose into
HMF was selected, and then the reaction conditions capable of maximizing HMF production using it
were established. Finally, the possibility of catalyst recycling was also investigated.

2. Materials and Methods

2.1. Catalyst Preparation

Heteropolyacid catalysts were synthesized in duplicate according to Taguchi’s L8 orthogonal
array presented in Table 1, through which different calcination temperatures (300 or 500 ◦C), 30%
(w/w) active phases (H3PW12O40—HPW or H3PMo12O40—HPMo), and supports (Nb2O5 or Al2O3)
were combined, resulting in 16 different catalysts. The choice of the supports and active phases were
made so that their combination resulted in catalysts with Lewis and Brønsted acid sites, which was
derived from the support and active phase, respectively. The supports Nb2O5 (HY-340) and Al2O3

were supplied by Companhia Brasileira de Metalurgia e Mineração (CBMM) and Alcoa, respectively.
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The catalysts were prepared according to the incipient wetness impregnation method which uses
an amount of solvent which is lower than or equal to that required to fill in the support pores. For
such a purpose, the active phase (HPW or HPMo) was dissolved in 70% ethanol solution at ambient
temperature and mixed with the support (Nb2O5 or Al2O3) in three successive steps until reaching
a final metal concentration of 30%. The catalytic solid was then dried at 100 ◦C for 2 h and subsequently
calcined at 300 or 500 ◦C for 3 h, according to the conditions shown in Table 1. The assays were carried
out in duplicate.

2.2. HMF Production

The catalytic performance of different heteropolyacid catalysts prepared according to the
experimental design given in Table 1 was evaluated regarding catalytic performance in order to
convert glucose into HMF. The catalytic reactions carried out using 100 mL of reaction medium at
160 ◦C using 1% w/v of catalyst, 100 g/L of glucose, 1:1 w/w acetone-to-water ratio, and 300 rpm over
30 min. The catalyst that achieved optimal HMF production performance was then used in subsequent
experiments with the aim of optimizing reaction conditions.

For optimization experiments, different reaction conditions, such as temperature (160 or 200 ◦C),
acetone-to-water ratio (1:1 or 3:1 v/v), glucose concentration (50 or 100 g/L), and catalyst concentration
(1% or 5% w/v) were used based on Taguchi’s L16 experimental design. The column “E” had no factor
associated to estimate the experimental design error. All catalytic tests were performed in pressurized
stainless steel reactors (Parr series 4566). At the end of the runs, the catalyst was recovered from the
reaction mixture by centrifugation at 2000 × g for 20 min and calcined at 300 ◦C for 3 h.

Catalyst stability was evaluated by reusing it in successive batch runs performed under optimized
process conditions.

2.3. Analytical Methods

The crystalline structure of the catalyst, support, and active phase was evaluated by X-Ray Powder
Diffraction (XRD) using a PANalytical Model Empyrean X-ray diffractometer with CuKα 2θ radiation
(λ = 1.5418 Å) at 40 kV and 30 mA, angle ranging between 10◦ and 90◦, at step size of 0.02◦ and
countdown time of 50 s per run. The catalyst surface morphology and structure were analyzed by
SEM/EDX using Hitachi TM 3000 and Swifted 3000 equipment.

The textural properties of catalysts were investigated by specific surface area analysis using
Quantachrome NOVA 2200e. For performing the analysis, a sample of 0.2 g was added to a glass cell
and heated at 200 ◦C for 2 h under vacuum in order to remove impurities adsorbed on the catalyst
surface. Specific surface area and pore volume were calculated by the Brunauer–Emmett–Teller (BET)
the Barrett–Joyner–Halenda (BJH) methods, respectively.

The catalyst surface acidity was determined by acid-base titrations. In this analysis, 0.1 g of
catalyst was suspended in 20 mL of 0.1 M NaOH. The suspension was stirred for 3 h at room
temperature and then titrated with 0.1 M HCl in the presence of phenolphthalein. The catalyst surface
acidity was expressed in mmol H+/g catalyst. The active phase thermal stability was evaluated by
thermogravimetry (TGA) and derivative thermogravimetry (DTG) analysis using a Shimadzu TGA 50
equipment with 50 mL/min of nitrogen flow, heating rate of 10 ◦C/min in a temperature range of 30 to
1000 ◦C.

Glucose concentration was determined by high performance liquid chromatography (HPLC) using
an Agilent Technologies 1260 Infinity chromatograph equipped with an isocratic pump, a refractive
index detector and a Bio-Rad Aminex HPX-87H column (300 × 7.8 mm). Operational conditions
were temperature of 45 ◦C, 0.005 mol/L using sulfuric acid as eluent at a flow rate of 0.6 mL/min
and sample volume of 0.02 mL. HMF concentration was also determined by HPLC, but using a UV
detector (at 276 nm), a Waters Spherisorb C18 5 μm column (100 × 4.6 mm) at room temperature,
1:8 v/v acetonitrile-to-water ratio using 1% of acetic acid as eluent, flow rate of 0.8 mL/min, and sample
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volume of 0.02 mL. Glucose conversion (XGlu) and HMF yield (YHMF) were calculated according to
Equations (1) and (2).

XGlu(%) =
[Glucose]initial − [Glucose] f inal

[Glucose]initial
·100, (1)

YHMF(%) =
[HMF]produced

[Glucose]initial
·100. (2)

3. Results and Discussion

3.1. Catalyst Synthesis

Table 1 summarizes the conditions used to prepare the catalysts as well as their performance to
convert glucose into HMF in terms of HMF yield (YHMF) and glucose conversion (XGlu). As it can be
seen, HMF yield ranged from 0.7% to 9.5% and glucose conversion from 65.3% to 93.6% according
to the conditions established to prepare the catalyst. These results show that preparation conditions
had an important influence on the effectiveness of glucose conversion into HMF. In some cases, the
produced catalyst allowed achieving high glucose conversion rates, i.e., about 90% (assays 1, 3, 5,
and 7). However, the highest HMF yield, about 9.5%, was achieved in assay 2, in which glucose
conversion was only 75%. A high glucose conversion without a proportional HMF yield, as observed
in other cases, suggests the formation of reaction by-products. In fact, the formation of humin, levulinic
acid, furfural, and formic acid, which have been reported in literature as by-products of a glucose
dehydration reaction to HMF, is often associated with reaction conditions, mainly to the use of solvents
and high temperatures [5,26].

Table 1. Taguchi’s L8 orthogonal array to evaluate the effect of calcination temperature, support and
active phase on heterogeneous catalysts preparation on 5-Hydroxymethylfurfural yield (YHMF) and
glucose conversion rate (XGlu).

Catalyst

Experimental Conditions (Factors and Interactions) Response Variables

A Temp.
(◦C)

B
Support

AB
C Active

phase
AC BC ABC Y HMF

1(%) XGlu
2(%)

1 300 Nb 1 HPMo 1 1 1
3.0 92.3
2.8 93.6

2 300 Nb 1 HPW 2 2 2
9.5 75.0
9.4 75.7

3 300 Al 2 HPMo 1 2 2
4.4 90.3
3.7 85.3

4 300 Al 2 HPW 2 1 1
0.8 69.8
0.8 67.2

5 500 Nb 2 HPMo 2 1 2
6.9 91.8
7.0 90.7

6 500 Nb 2 HPW 1 2 1
0.7 65.3
0.8 66.1

7 500 Al 1 HPMo 2 2 1
7.3 91.0
7.7 87.6

8 500 Al 1 HPW 1 1 2
0.7 70.6
0.7 68.9

1 YHMF: 5-Hydroxymethylfurfural yield (%). 2 XGlu: Glucose conversion (%). 1,2 All results are in duplicate.

The statistical significance of main effects and their interactions on response variables was verified
by the analysis of variance (ANOVA). As shown in Table 2, the variation percentages explained
by HMF yield and glucose conversion achieved a high coefficient of determination (R2 = 99.8%
and 98.6%, respectively). These results reveal that the variations observed for response variables
(HMF yield and glucose conversion) can be effectively explained by catalyst preparation conditions.
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With respect to HMF yield, calcination temperature, support, active phase, and interaction effects
(AB, AC, BC, and ABC) were significant at confidence level of 95%; moreover, glucose conversion,
calcination temperature, support, active phase, and AB and AC interactions were also significant at
95% confidence level.

Table 2. Analysis of variance of the main effects and their interactions on 5-hydroxymethylfurfural
(HMF) yield (YHMF) and glucose conversion (XGlu) based on Taguchi’s L8 orthogonal array.

Source of Variation
Response Variables

p-Value for Y HMF p-Value for XGlu

(A) Temperature 0.0155 * 0.0413 *
(B) Support <0.0001 * 0.0237 *

(D) Active phase <0.0001 * 0.0001 *
AB <0.0001 * 0.0041 *
AD <0.0001 * 0.0472 *
BD <0.0001 * 0.2526

ABD <0.0001 * 0.0626

R2 0.9978 0.9862

* Significant at 95% confidence level: p test < 0.05.

The interaction effects of support and temperature for different active phases on HMF yield and
glucose conversion are shown in Figure 1. Note that the highest HMF yields (Figure 1b) were obtained
from reactions in which the catalyst was prepared by using HPW active phase supported on Nb2O5

and calcined at 300 ◦C. For the HPMo active phase, the type of support (Al or Nb) had no influence
on final HMF yield, on the other hand, for this active phase, the catalysts calcined at 500 ◦C achieved
higher HMF (7.0%) yields if compared to those calcined at 300 ◦C (3.5%). For the HPW active phase
calcined at 500 ◦C, the type of support (Al or Nb) exerted no influence on the final HMF concentration.
However, as for catalyst preparation using the same active phase calcined at 300 ◦C, the catalyst
supported in Nb was more effective at HMF production and achieved yields of over 9%. These results
suggest that the catalyst produced using HPW as active phase can achieve greater HMF production;
however, such a result can only be reached when using Nb2O5 as support at 300 ◦C of calcination
temperature. The highest HMF yield reached with Nb2O5 is probably associated with the presence of
Lewis and Brönsted acid sites in this support, while Al2O3 only has Lewis sites on the surface [27].

For glucose conversion (Figure 1b), the highest conversions (above 85%) were obtained by using
catalyst with HPMo as active phase, regardless of the type of support or calcination temperature
conditions. Regarding the HPW active phase, the catalyst supported in Nb2O5 and calcined at 300 ◦C
resulted in higher glucose conversion (75%) than the one calcined at 500 ◦C (65%); while for the catalyst
supported in Al2O3, calcination temperature had no influence on glucose conversion (70%). Despite
the high glucose conversion for catalysts prepared with HPMo active phase, HMF production was low,
which suggests that reactions using catalyst with HPMo as active phase result in higher by-product
formation and lower HMF selectivity. Thereby, the HPW/Nb2O5-300 ◦C catalyst was selected as the
most desirable catalyst for converting glucose into HMF.
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(a)

(b)

Figure 1. Interaction effect between temperature and support for different active phases (HPW and
HPMo) on HMF yield (YHMF) (a) and glucose conversion (XGlu) (b).

3.2. Catalyst Characterization

The active phase thermal stability of the selected catalyst was evaluated by thermogravimetric
analysis (TGA) with the aim of determining whether the Keggin structure would remain at 300 ◦C or
not, since it is the calcination temperature of the catalyst that achieved optimal performance. TGA
profile shown in Figure 2 revealed that the main weight loss (approx. 7%) occurred until 208 ◦C.
The DTG (derivative thermogravimetry) curve revealed four main stages of weight loss. In the first
stage, corresponding to peaks of 75 and 120 ◦C, loss of water physically adsorbed in the material
is observed. In the second stage, corresponding to a peak of 208 ◦C, crystallization water loss of
the solid structure was observed, thus forming an anhydrous acid (Equation (3)). In the third stage,
corresponding to a peak of 305 ◦C, acidic proton loss and anhydride structure formation was observed
(Equation (4)). Finally, in the fourth stage, corresponding to a peak of 545 ◦C, the Keggin structure starts
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decomposing (Equation (5)). According to Kozhevnikov et al. [28] and Alsalme et al. [29], this stage
occurs at approximately 600 ◦C. Therefore, it can be concluded that the HPW Keggin structure remains
after calcination at 300 ◦C. However, the Keggin structure of the HPW catalyst calcined at 500 ◦C is
close to its decomposition temperature, which explains the low yield observed for this catalyst.

H3[PW12O40].nH2O→ H3[PW12O40] + nH2O, (3)

H3[PW12O40]→ [PW12O38.5] + 1.5H2O, (4)

[PW12O38.5]→ 0.5P2O5 + 12WO3. (5)

Figure 2. Thermogravimetric analysis (TGA) and derivative thermogravimetry (DTG) analysis of
HPW samples.

The crystalline structures of the support (Nb2O5), active phase (HPW), and catalyst (HPW/Nb2O5)
calcined at 300 ◦C were evaluated by X-ray powder diffraction (XRD) (Figure 3). The XRD pattern of
the HPW active phase showed typical diffraction peaks of a HPW Keggin structure at 10.3◦, 20.7◦, 23.1◦,
25.4◦, and 29.5◦ [30,31]. Such result indicates that the Keggin structure has not been decomposed into
WO3 after calcination at 300 ◦C, which could occur for the active phase calcined at 500 ◦C. This result is
in agreement with the thermogravimetry analysis results. The XRD pattern of the support (Nb2O5)
revealed an amorphous structure, with broad and diffuse diffraction peaks, which is characteristic
of Nb2O5 calcined below 500 ◦C [32,33]. Finally, the XRD pattern of the HPW/Nb2O5-300 ◦C catalyst
was similar to that of the support with an amorphous characteristic, and exhibited no diffraction peak
connected with HPW. This result indicates that HPW was well dispersed on the support surface, with
no active phase agglomerations.

The HPW/Nb2O5/300 ◦C catalyst morphology and structure, and HPW dispersion over the
niobium pentoxide surface was investigated by scanning electron microscopy coupled with energy
dispersive X-ray spectroscopy (SEM/EDX). As it can be seen in Figure 4, it is composed of non-uniform
crystals with an irregular surface and particles of various sizes. It was not possible to identify
a predominant crystalline structure in this catalyst, which was expected, since Nb2O5 calcined at
300 ◦C exhibited an amorphous characteristic. According to the X-ray emission mapping of niobium
and tungsten (Figure 4c,d), it is noted that the heteropolyacid was highly dispersed on the support
surface, with no active phase agglomeration, which is in agreement with the XRD pattern obtained for
the catalyst.
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Figure 3. X-ray powder diffraction (XRD) patterns of the HPW active phase, Nb2O5 support, and
HPW/Nb2O5 catalyst calcined at 300 ◦C.

Figure 4. Scanning electron micrographs of HPW/Nb2O5-300 ◦C catalyst at (a) 200× magnification
(scale bar: 500 μm), (b) 2000×magnification (scale bar: 30 μm), and X-ray emission mapping of niobium
(c) and tungsten (d) obtained at 2000×magnification (scale bar: 40 μm).

Textural and acidity properties of the niobium support and selected catalyst (HPW/Nb2O5-300 ◦C)
were also analyzed. As depicted in Table 3, the support showed values of surface area and volume of
pores greater than those obtained for the catalyst HPW/Nb2O5/300 ◦C, since HPW impregnation onto
the support leads to a massive reduction in these parameters. This occurs because the HPW Keggin
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structure is dispersed within the support pores (Nb2O5), causing a decrease in average pore volume
and surface area. Decreased surface area of the catalyst HPW/Nb2O5/300 ◦C can be understood as
an evidence of the chemical interaction between HPW and the support. Surface acidity is an important
property which affects catalyst performance in the reaction and may be indicative of an impregnation
success. HPW/Nb2O5/300 ◦C showed acidity of 106.98 μmol H+/m2, i.e., much higher than that of
Nb2O5 used as support.

Table 3. Textural and acidity properties of Nb2O5 and HPW/Nb2O5 catalyst.

Sample Surface Area (m2/g) Pore Volume (cm3/g)
Surface Acidity
(μmol H+/m2)

Nb2O5 130.91 0.14 0.31
HPW/Nb2O5-300 ◦C 36.08 0.031 106.98

3.3. Reaction Conditions Evaluation

In this section, Taguchi’s L16 experimental design was used for optimizing reaction conditions so
as to produce HMF from glucose using the selected catalyst HPW/Nb2O5/300 ◦C. Different reaction
conditions and responses are summarized in Table 4. As it can be seen, HMF yield obtained in these
experiments ranged from 7.6% to 40.8%. As in the previous stage, high glucose conversion was
obtained, i.e., ranging from 63.7% to 98.4%, which could also be associated with by-products formation.
The highest HMF yield (40.8%) was obtained under the conditions of assay 2 (160 ◦C, 5% w/v of catalyst,
50 g/L of glucose, 1:1 v/v acetone-to-water, 300 rpm and reaction time of 30 min).
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The statistical significance of the main effects and interactions on response variables was found
by the analysis of variance (ANOVA) (Table 5). Percentages of variation in HMF yield and glucose
conversion showed high correlation coefficients (R2), i.e., over 95% confidence level. The statistical
analysis showed that, for HMF yield, reaction temperature (A), acetone-to-water ratio (B), glucose (C)
and catalyst concentration (D), and AC and AD interactions were significant at 95% confidence level.
Regarding glucose conversion, reaction temperature (A), glucose (C) and catalyst concentration (D),
and AB and AD interactions were significant at the same confidence level.

Table 5. Analysis of variance of response variables evaluated in the experimental design Taguchi L16.

Source of Variation
Response Variables

p-Value for Y HMF p-Value for XGlu

(A) Treaction 0.000 * 0.002 *
(B) Acetone:Water 0.027 * 0.168

(C) Cglucose 0.007 * 0.008 *
(D) Ccatalyst 0.000 * 0.002 *

AB 0.058 0.031 *
AC 0.030 * 0.889
AD 0.000 * 0.012 *
BC 0.448 0.063
BD 0.290 0.902
CD 0.874 0.185

R2 0.984 0.960

* Significant at 95% confidence level: p test < 0.05.

Figure 5 shows the signal-to-noise ratio (SN ratio) diagrams of HMF yield (A) and glucose
conversion (B). It is possible to determine optimal conditions for HMF production from glucose thereof.
According to Figure 5A, the highest HMF yield was achieved when reaction temperature and glucose
concentration were at the lowest level (temperature of 160 ◦C and 50 g/L of glucose), while catalyst
concentration was at the highest level (5% w/v). Acetone-to-water ratio was insignificant for HMF yield
in the range of values studied herein.

With respect to glucose conversion (Figure 5B), the highest conversion rates were achieved when
reaction temperature, acetone-to-water ratio, and catalyst concentration were at the highest level
(200 ◦C, 3:1 v/v, 5% w/v, respectively), while glucose concentration was insignificant within the studied
range of values. It is interesting to note that glucose conversion was the only response variable that
obtained a better result when at high reaction temperatures. This suggests that, for the studied range
of values, high reaction temperatures may favor by-product formation.

According to results of the statistical analysis and considering that this paper aimed to obtain the
highest HMF yield, optimal conditions for HMF production from glucose in the evaluated range of
values was temperature of 160 ◦C, 1:1 (v/v) acetone-to-water ratio, glucose concentration of 50 g/L, and
catalyst concentration of 5% w/v.
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Figure 5. Signal-to-noise ratio (SN ratio) of (A) HMF yield (YHMF %) and (B) glucose conversion (XGlu

%) response variables.

The catalytic performance of HPW/Nb2O5 was compared with some recent reported studies in
literature that produce HMF from glucose, as shown in Table 6. The HMF yield (40.8%) obtained
in the present study using HPW/Nb2O5 as catalyst and water/acetone was higher than most studies
reported in the literature which used heterogeneous catalyst [34–36], even when organic phase [37] or
ionic liquid [11] was applied as solvent. Teimouri et al. [38], who used the same solvent as the present
work (water/acetone), achieved lower HMF yield (34.6%), even using higher reaction temperature
and time. Huang et al. [26], who used the same reaction temperature and time but different solvent
(Water/γ-valerolactone), also obtained lower HMF yield compared to the present work. Shahangi
et al. [9], Shen et al. [39], Zhang et al. [10], and Moreno-Recio et al. [40] achieved similar HMF
yield obtained in this work, however all of them applied more drastic reaction conditions, as higher
temperature and/or time. In general, even using acetone/water as a reaction medium, we achieved HMF
yield equivalent to the highest values reported in the literature, but with milder reaction conditions.
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3.4. Catalyst Recycling Test

Finally, the HPW/Nb2O5-300 ◦C catalyst stability was evaluated through a recycling test using
optimal reaction conditions for HMF production from glucose. Figure 6 shows that the catalyst was
capable of maintaining the HMF yield constant at approximately 40% during four runs. This means
that a simple calcination process was sufficient to eliminate by-products (humin) that could have
covered some active sites of the catalyst. This result indicates that the catalyst HPW/Nb2O5-300 ◦C has
high stability, good recyclability, and low active phase leaching, thus confirming its effectiveness to be
used in HMF production from glucose.

Figure 6. Catalytic performance of HPW/Nb2O5-300 ◦C during a recycling test. Reaction conditions
were 160 ◦C, 5% w/v of catalyst, 50 g/L of glucose, 1:1 v/v acetone-to-water, 300 rpm, and reaction time
of 30 min.

4. Conclusions

This study revealed that the conditions used for preparing the heterogeneous catalysts based
on heteropolyacids, i.e., type of support, active phase, and calcination temperature, strongly affects
catalyst performance to convert glucose into HMF. The heterogeneous catalyst prepared by using
HPW as active phase, supported in Nb2O5, and calcined at 300 ◦C presented optimal performance at
obtaining HMF yield (9.5%) with 1:1 w/w acetone-to-water ratio, 160 ◦C, 1% w/v of catalyst, 100 g/L
of glucose and reaction time of 30 min. After optimizing reaction conditions (temperature at 160 ◦C,
1:1 (v/v) acetone-to-water ratio, glucose concentration of 50 g/L, and catalyst concentration of 5% w/v),
HMF yield increased to 40.8%. The catalyst presented high stability and is capable of maintaining
HMF yield at around 40%, even after four runs. This was the first time that a catalyst based on HPW
and Nb2O5 was used for HMF production from glucose. The promising results here obtained will
open up new opportunities to expand HMF production from lignocellulosic biomass. The possibility
of recycling the catalyst is also a point to be highlighted contributing to the sustainability aspect of the
proposed process.
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Abstract: This study assessed the feasibility of using bleached cellulose pulp from Eucalyptus wood
as a feedstock for the production of itaconic acid by fermentation. Additionally, different process
strategies were tested with the aim of selecting suitable conditions for an efficient production of itaconic
acid by the fungus Aspergillus terreus. The feasibility of using cellulose pulp was demonstrated through
assays that revealed the preference of the strain in using glucose as carbon source instead of xylose,
mannose, sucrose or glycerol. Additionally, the cellulose pulp was easily digested by enzymes without
requiring a previous step of pretreatment, producing a glucose-rich hydrolysate with a very low level
of inhibitor compounds, suitable for use as a fermentation medium. Fermentation assays revealed
that the technique used for sterilization of the hydrolysate (membrane filtration or autoclaving) had
an important effect in its composition, especially on the nitrogen content, consequently affecting the
fermentation performance. The carbon-to-nitrogen ratio (C:N ratio), initial glucose concentration
and oxygen availability, were also important variables affecting the performance of the strain to
produce itaconic acid from cellulose pulp hydrolysate. By selecting appropriate process conditions
(sterilization by membrane filtration, medium supplementation with 3 g/L (NH4)2SO4, 60 g/L of
initial glucose concentration, and oxygen availability of 7.33 (volume of air/volume of medium)),
the production of itaconic acid was maximized resulting in a yield of 0.62 g/g glucose consumed,
and productivity of 0.52 g/L·h.

Keywords: lignocellulosic biomass; cellulose pulp; hydrolysis; oxygen availability; C:N ratio;
fermentation; biorefinery; itaconic acid; Aspergillus terreus

1. Introduction

The development of new process technologies using lignocellulosic feedstock as a carbon source
for the production of fuels and chemicals is, currently, one of the main drivers of society to move
towards a more sustainable future [1]. Second-generation biofuel plants are already a reality at a
commercial scale and, to become truly sustainable and circular, industry is also increasingly viewing
the production of chemicals from renewable resources as an attractive area for investment.

Biofuels and biochemicals can be produced in single product processes; however, their production
in an integrated biorefinery is seen as a more efficient and interesting approach to solve economic
challenges related to biomass conversion processes since, currently, the cost of single biobased
production processes, in many cases, still exceeds the cost of petrochemical production [2]. One of the
main reasons for these high costs is the recalcitrant nature of biomass that, therefore requires a two-step
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processing to obtain sugars for fermentation as follows: a pretreatment step to fractionate the material
and solubilize especially hemicellulose sugars, and a subsequent hydrolysis step to recover glucose
from cellulose. Pretreatment, in particular, is an energy intensive step and significantly contributes to
the final cost of the process [3].

Itaconic acid stands out as one of the most relevant among the variety of chemicals that can be
produced from lignocellulosic biomass, since it is a platform chemical with extensive applications in
different fields. Some of the main interests around itaconic acid arise from its potential to substitute
petrochemically produced acrylic acid. However, it can also be used to produce biodegradable polymers,
paints, varnishes, and different organic compounds. Moreover, itaconic acid and its derivatives support
the synthesis of a wide range of innovative polymers through crosslinking, with applications in special
hydrogels for water decontamination, drug delivery, nanohydrogels for food applications, coatings,
and elastomers [4].

Currently, itaconic acid is produced industrially from aerobic fungal fermentation using pure
glucose as a carbon source, which is not the cheapest or the most sustainable substrate option. Moreover,
although the production is done by fermentation, at present, the cost to produce itaconic acid is high
and has been a bottleneck preventing its application in different sectors [5]. With a market in expansion
due to the increased number of potential applications (its market was worth USD 126.4 million in 2014
and with an expected growth rate of 60% it is predicted to reach around USD 204.6 million by 2023 [6]),
the establishment of a more sustainable and cost-competitive process for the production of itaconic
acid from renewable feedstock has been strongly encouraged. The present study aims to contribute
with new knowledge to advance this area by using industrially produced bleached cellulose pulp as a
feedstock for itaconic acid production.

Bleached cellulose pulp, which is the material used for paper manufacturing, is one of the most
abundant raw materials worldwide. With a huge volume of production, and a weak demand from the
paper industry in the last years, the stocks of bleached cellulose pulp have been extremely high and
are posing a major problem for the entire pulp market, according to industry experts [7]. To overcome
this problem, different alternative uses for the pulp have been explored with the aim of promoting
innovation and new business opportunities [8], including the production of biofuels, nanocellulose,
and biocomposites.

Recently, attempts have been done to produce itaconic acid from different types of biomass
including beech wood [9], corn stover [10], wheat chaff [11], rice husks [12], and corn cobs [13].
A comprehensive examination of the itaconic acid production from these different feedstocks clearly
demonstrates an important impact of biomass pretreatment steps, presence of inhibitor compounds,
and fermentation conditions on itaconic acid yield and on the feasibility of the process in general.

This paper is the first study on the use of bleached cellulose pulp for the production of itaconic
acid. In this study, the composition of cellulose pulp, as well as its degradation by enzymes and
fermentability were some of the points explored to evaluate its feasibility for application in the
production of itaconic acid. Then, efforts were done to select process conditions able to result in an
improved bioconversion efficiency. Sterilization of the cellulose pulp hydrolysate through different
techniques, medium composition in terms of carbon-to-nitrogen ratio (C:N ratio) and initial glucose
concentration, and oxygen availability were evaluated and discussed in detail. At the end, the process
conditions that maximize the production of itaconic acid were selected and the results were compared
with literature data from other feedstocks to conclude on the potential of this new bioprocess.

2. Materials and Methods

2.1. Microorganism and Inoculum Preparation

The filamentous fungus Aspergillus terreus NRRL 1960 was used in the experiments. The strain
was obtained from the ARS Culture Collection (Peoria, IL, USA) and preserved in the form of spores in
20% (v/v) glycerol stock solution at −80 ◦C.

170



Energies 2020, 13, 1654

For inoculum preparation, the stock culture was activated on 2.4% (w/v) potato dextrose broth
(PDB) medium at 35 ◦C for 3 days, and subsequently on 3.9% (w/v) potato dextrose agar (PDA) plates
at 35 ◦C for 7 days. Then, spores were collected from plates by using a sterilized solution of 4% (w/v)
Tween 80. The spore suspension was diluted with sterile MilliQ water in order to obtain a concentration
of 106 spores/mL at the beginning of the fermentation.

2.2. Cellulose Pulp Characterization and Hydrolysis

Bleached cellulose pulp from Suzano S/A (Brazil) was used as raw material for the production of
itaconic acid. The cellulosic material, which was produced from Eucalyptus wood and had a moisture
content of approximately 5% (w/w), was ground to particle size ≤ 1.0 mm by means of a mill Polymix
PX-MFC 90D (Kinematica, Switzerland) and its composition was determined by following standard
methods [14–16].

Enzymatic hydrolysis of the cellulose pulp was carried out using the enzyme concentrate Cellic®

CTec2, kindly supplied by Novozymes (Bagsværd, Denmark). The cellulase activity of the concentrate,
which was measured according to standard protocol [17] and expressed in filter paper units (FPU),
was 217.5 FPU/mL. One unit of FPU was defined as the amount of enzyme required to liberate 1 μmol
of glucose from Whatman no.1 filter paper per minute at 50 ◦C.

For the experiments, an enzyme load of 10 FPU/g cellulose was added to 0.1 M sodium citrate
buffer (pH 4.7), and then mixed with the cellulose pulp in a concentration of 12% (w/v). The reactions
were carried out in 2-L Duran laboratory bottles with vertical baffles containing 0.6 L of working
volume. The bottles were accommodated horizontally in a Bottle/Tube Roller system (Thermo Scientific,
USA) placed inside an incubator, and kept at 50 ◦C and 20 rpm for 96 h. Afterwards, the hydrolysate
was separated by centrifugation (10,000 rpm, 5 ◦C, 20 min).

2.3. Hydrolysate Sterilization

Three different methods (membrane filtration, autoclave at 112 ◦C for 15 min, and autoclave
at 121 ◦C for 20 min) were tested for sterilization of the hydrolysate prior its use as fermentation
medium. The autoclave assays were carried out in an autoclave MultiControl 2 (CertoClav, Austria);
while for the membrane method, Nalgene RapidFlow™ PES-membrane filters with a pore size of
0.2 μm (Thermo Fisher Scientific, USA) were used.

2.4. Fermentation Media and Conditions

Initially, different synthetic media were tested for the production of itaconic acid by A. terreus,
which contained only one type of carbon source (glucose, xylose, sucrose, mannose, or glycerol) at
a concentration of 50 g/L. Later, the cellulose pulp hydrolysate was used as fermentation medium,
which contained around 53 g/L of glucose as carbon source. For all the experiments, the initial pH of
the media was adjusted to 3.0.

All the fermentation media, synthetic and hydrolysate, were supplemented with the following
nutrients (in g/L): KH2PO4 (0.2), (NH4)2SO4 (3.0), MgSO4·7H2O (3.0), CaCl2·1H2O (0.2), ZnSO4·7H2O
(0.15), FeSO4·7H2O (0.16), and CuSO4·5H2O (0.015). To assess the effect of nitrogen concentration
on itaconic acid production from cellulosic hydrolysate, the following three different concentrations
of (NH4)2SO4 were evaluated: 1, 3, and 5 g/L. For comparison, hydrolysate without any nutrient
supplementation was also used as fermentation medium.

Fermentation experiments were carried out in 250-mL Erlenmeyer flasks at 35 ◦C and 200 rpm
for 3 to 5 days (72 h to 120 h). A working volume of 50 mL was used in the experiments with pure
carbon sources. Experiments performed to assess the effect of aeration on itaconic acid production
from cellulosic hydrolysate were carried out with different working volumes varying from 20 to
50 mL in order to result in different air-to-liquid ratios (Vair/Vm) as shown in Table 1. All other
fermentations from cellulosic hydrolysate medium were performed using a working volume of 30 mL.
All experiments were carried out in duplicate.
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Table 1. Different air-to-liquid ratios used for the fermentation experiments.

Volume of Medium (mL) Air Column (mL) Vf/Vm Vair/Vm

20 230 12.5 11.5
30 220 8.33 7.33
50 200 5.00 4.00

Vf, volume of the flask; Vm, volume of medium; Vair, volume of air.

2.5. Analytical Methods and Statistical Analysis

Nitrogen content in the hydrolysates was determined by using an elemental analyzer Vario
MACRO cube (Elementar Analysensysteme GmbH, Germany), following the Dumas method.

Cell mass concentration during the fermentations was estimated by dry weight measurement.
The fermentation broth was centrifuged at 10,000 rpm for 10 min and the biomass pellet was rinsed
two times with deionized water and dried at 60 ◦C for 48 h. The supernatant of centrifuged samples
was used for pH measurement and determination of sugars, itaconic acid, and potential by-products.

The concentrations of glucose, cellobiose, xylose, sucrose, mannose, glycerol, organic acids
(itaconic, acetic and formic), 5-hydroxymethylfurfural (5-HMF) and furfural were determined by
high-performance liquid chromatography (HPLC) using a Dionex Ultimate 3000 HPLC equipment
(Thermo Scientific, USA) coupled with a Biorad Aminex®HPX-87H column (300× 7.8 mm). For analysis,
the column was maintained at 65 ◦C and a 5 mM H2SO4 solution was used as mobile phase at a flow
rate of 0.5 mL/min. Sugars, glycerol, and organic acids were detected using a Shodex RI-101 refractive
index detector, whereas 5-HMF and furfural were detected using an ultraviolet detector at 254 nm.

Statistical analysis including graphs and quantitative information such as mean and standard
deviation was performed using the software OriginPro 9.1.0 (OriginLab Corporation, USA).

2.6. Fermentation Parameters

To evaluate the performance of itaconic acid production by A. terreus the following fermentation
parameters were considered:

1. Itaconic acid yield per sugar consumed as YP/S (g/g) = −ΔP
ΔS ;

2. Biomass yield per sugar consumed as YX/S (g/g) = −ΔX
ΔS ;

3. Itaconic acid productivity as QP (g/L·h) = ΔP
Δt .

where P is the concentration of itaconic acid (g/L), S is the concentration of sugar (g/L), and t is the
fermentation time (h).

3. Results and Discussion

3.1. Carbon Source Assessment

With the aim of identifying potential raw materials for the production of itaconic acid, initial
experiments were carried out to evaluate the performance of A. terreus when cultivated in different
carbon sources. As can be seen in Table 2, hexoses, especially glucose, were the preferred carbon
sources used by the strain to produce itaconic acid. Glucose has also been reported as being the
preferred carbon source for other filamentous fungi, and this could be explained by the fact that this
hexose enables the most direct conversion pathway, eliminating the need for additional biochemical
steps [18]. In the present study, the production of itaconic acid from other carbon sources including
xylose, sucrose, mannose, and glycerol were clearly lower that that observed from glucose (Table 2).
The relevance of glucose as compared with the other carbon sources is also highlighted by the values
of itaconic acid yield per substrate consumed, which was of 0.61 g/g of glucose consumed, more than
three times higher than that observed for mannose, which was the second best carbon source evaluated
in our study.
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Table 2. Itaconic acid concentration and yield and biomass yield for the fermentations with A. terreus
using different carbon sources.

Carbon Source Itaconic Acid (g/L) YP/S (g/g) YX/S (g/g)

Glucose 24.85 0.61 0.22
Xylose 1.85 0.09 0.61
Sucrose 2.15 0.05 0.28

Mannose 9.16 0.18 0.40
Glycerol 2.20 0.05 0.43

YP/S, itaconic acid yield per sugar consumed; YX/S, biomass yield per sugar consumed.

It is also interesting to note that the strain presented a very good ability to consume all the carbon
sources, including C3 (glycerol), C5 (xylose), and C12 (sucrose), being a potential candidate for use in
bioprocesses. However, unlike glucose, the other carbon sources were mainly used for biomass growth
instead of itaconic acid formation, which is evidenced by the higher values of biomass yield (YX/S)
obtained (Table 2). The biomass formation in glucose was the lowest as compared with the other carbon
sources, which was due to the main use of this carbon source for product formation. These results play
a crucial role in selecting novel lignocellulosic biomass sources for use on the production of itaconic
acid, opening up good possibilities for integrating the production of this acid in a biorefinery.

3.2. Cellulose Pulp as Feedstock for Itaconic Acid Production

Since glucose was the best carbon source for itaconic acid production by A. terreus, a cellulose-rich
material can be considered to be the ideal candidate for use in this bioprocess as an alternative to replace
pure glucose as the carbon source. During recent years, studies have reported the use of cellulose
pulp as a substrate for the production of different compounds by fermentation, including ethanol
and hydrogen [19,20]. However, there are no studies reporting the use of bleached cellulose pulp for
the production of itaconic acid. This study confirms that bleached cellulose pulp can be a feasible
feedstock for use in the production of itaconic acid since this material is produced in high amounts in
the pulp and paper industries and has attracted great interest for use in the production of valuable
compounds (rather than for use in the production of paper only). In addition to its great availability,
other important advantages of using bleached cellulose pulp for itaconic acid production include its
high content of cellulose (which can be converted into glucose) and the possibility of applying an
enzymatic hydrolysis directly, without previous pretreatment, saving time and energy, which can
positively impact on the final costs of the itaconic acid production process, making it more economical.

The cellulose pulp used in this study was produced from Eucalyptus wood. The chemical
composition of this material was cellulose 89.7% and hemicellulose 10.3% (dry weight). Lignin was
present in trace amount. Enzymatic hydrolysis of this material under the conditions used in this study
yielded a hydrolysate containing 72.3 g/L of glucose and 14.8 g/L of xylose, representing a rich carbon
source for use as fermentation medium by A. terreus. Fermentation results from this medium are
discussed in the next sections.

3.3. Hydrolysate Sterilization

Sterilization is an important step to be performed when a pure culture has to be used in a
bioprocess. However, since sterilization conditions can affect the composition of the hydrolysate,
three different methods were evaluated in this study with the aim of selecting the option that most
favors the production of itaconic acid by fermentation. Sugar degradation with consequent formation
of toxic compounds (5-HMF and furfural) and carbon-to-nitrogen ratio (C:N ratio) were the responses
considered to select the best sterilization method.

Although the temperatures used for autoclaving could promote some degradation of glucose
and xylose into 5-HMF and furfural, respectively, the formation of these compounds was low for all
three sterilization methods evaluated (Figure 1). For the membrane sterilization, the 5-HMF obtained
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was mostly likely residual and was already present after the enzymatic hydrolysis. It is well known
that 5-HMF and furfural are toxic compounds that can affect the microbial performance during
fermentation [21]. In the case of itaconic acid production, 5-HMF and furfural concentrations of 0.4 g/L
have been reported as being toxic for A. terreus, inhibiting the growth, sugar utilization, and product
formation [22]. These values are much higher than the concentrations found in the cellulose pulp
hydrolysate, independent of the sterilization method applied (Figure 1). Therefore, it can be concluded
that none of the sterilization methods was able to promote significant degradation of sugars and
formation of toxic compounds at a level unsuitable for fermentation.

Figure 1. Concentration of 5-HMF and furfural in the cellulose pulp hydrolysate after sterilization by
three different methods.

The carbon-to-nitrogen ratio (C:N ratio) is another important characteristic of the hydrolysate that
can strongly affect the microbial performance during fermentation, being of high importance to define
a suitable C:N ratio to obtain high product yield during fermentation [23]. Analyses of the carbon
and nitrogen contents in the cellulose pulp hydrolysate revealed that the carbon composition was not
affected by any of the sterilization methods evaluated in this study. However, the nitrogen content
was changed, leading to hydrolysates with different C:N ratios (Table 3). Sterilization by filtration
clearly resulted in a medium with lower content of nitrogen, which was also visually cleaner and
more translucent than the hydrolysates sterilized by autoclaving (figure not shown). According to the
literature, nitrogen limitation can be beneficial for the production of organic acid [18]. Since nitrogen is
required for biomass production, lack of nitrogen can slow down cell growth, to which some fungi
respond by increasing the organic acid production [18]. In addition, high C:N ratios would direct more
carbon into the tricarboxylic acid (TCA) cycle, allowing for higher productivities [24]. Ratios that are
too high, however, could lead to reduced productivity due to substrate inhibition [18].

Table 3. Carbon and nitrogen contents in the hydrolysate after sterilization by different methods.

Sterilization Method Carbon (% w/w) Nitrogen (% w/w)

Membrane filter 0.2 μm 36.16 ± 0.04 0.10 ± 0.01
Autoclave 112 ◦C 36.35 ± 0.14 0.17 ± 0.00
Autoclave 121 ◦C 36.30 ± 0.07 0.25 ± 0.06

In order to select the sterilization method more suitable for the production of itaconic acid by
A. terreus, fermentation assays were performed using the sterilized hydrolysates, with and without
nutrient supplementation. No biomass growth or glucose consumption were observed from media
without nutrient addition, thus, confirming the necessity of adding nutrients to all the hydrolysates.
The results obtained from fermentation of sterilized hydrolysates with nutrient supplementation showed
a clear advantage for the method of sterilization by membrane filtration (Figure 2), which provided
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the highest itaconic acid yield (0.52 g/g) and productivity (0.40 g/L·h) after 72 h (Table 4). It is also
interesting to note that glucose consumption and itaconic acid production were maximum at 72 h of
fermentation but decreased afterwards, indicating possible consumption of the product when glucose,
the main carbon source, was exhausted.
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Figure 2. Glucose (solid lines) and itaconic acid (dashed lines) concentrations during the fermentation
of the cellulose pulp hydrolysate sterilized by different methods. Membrane filter 0.2 μm (�); autoclave
at 112 ◦C (•); and autoclave at 121 ◦C (�). All the hydrolysates were supplemented with nutrients to be
used as fermentation medium.

Analysis of the fermentation parameters (Table 4) clearly indicated that the hydrolysate sterilized
by the filtration method promoted the best fermentation performance, resulting in the highest values
of itaconic acid yield (YP/S) and productivity (QP). Such a result could be attributed to the C:N ratio
present in the hydrolysate. The filtration method resulted in lower nitrogen content in the hydrolysate,
and, as a consequence, in a higher C:N ratio that could have changed the metabolism towards acid
production as opposed to fungal growth, thus, explaining the highest production of itaconic acid
and the lowest production of biomass obtained from this medium. It is also worth noting that the
production of itaconic acid from cellulose pulp hydrolysate sterilized by membrane filtration obtained
in the present study compares very well to other studies on the production of this acid from different
biomass hydrolysates [25,26]. When corn starch and wheat bran hydrolysates were used as fermentation
medium for A. terreus, itaconic acid yields of 0.41–0.42 (g/g) were obtained [26].

Table 4. Fermentation parameters obtained for the production of itaconic acid by A. terreus from
cellulose pulp hydrolysate sterilized by different methods.

Sterilization Method YP/S (g/g) YX/S (g/g) QP (g/L·h)

Membrane filter 0.2 μm 0.52 ± 0.01 0.13 ± 0.02 0.40 ± 0.01
Autoclave 112 ◦C 0.23 ± 0.04 0.23 ± 0.17 0.10 ± 0.03
Autoclave 121 ◦C 0.42 ± 0.02 0.28 ± 0.03 0.26 ± 0.01

YP/S, itaconic acid yield per sugar consumed; YX/S, biomass yield per sugar consumed; and QP, itaconic
acid productivity.

On the basis of the above, sterilization by membrane filtration was selected as the most suitable
sterilization technique as it provided the best results of itaconic acid titer, yield and productivity,
and therefore was the sterilization method used in all the subsequent experiments.

3.4. Effect of Aeration on the Production of Itaconic Acid

A sufficient oxygen supply is a fundamental requirement for a successful performance of the
microbial strain during fermentation processes. To better understand its effect on the fermentation of
cellulose pulp hydrolysate by A. terreus, three different aeration conditions were tested in a shake flask
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setup (Table 1), which were promoted by varying the working volume used in the flasks. A similar setup
has been used and discussed in other studies to understand the effect of aeration during fermentation
in flasks [27,28]. Results of these experiments are summarized in Table 5.

Table 5. Fermentation parameters obtained during the production of itaconic acid by A. terreus from
cellulose pulp hydrolysate under different aeration conditions.

Vair/Vm YP/S (g/g) YX/S (g/g) QP (g/L·h)

11.5 0.20 ± 0.02 0.28 ± 0.02 0.17 ± 0.03
7.33 0.52 ± 0.01 0.13 ± 0.02 0.40 ± 0.06
4.00 0.21 ± 0.06 0.29 ± 0.04 0.13 ± 0.06

YP/S, itaconic acid yield per sugar consumed; YX/S, biomass yield per sugar consumed; and QP, itaconic
acid productivity.

Interestingly, the two boundary conditions, Vair/Vm of 11.5 and 4, showed a decreased fermentation
performance as compared with that observed for the intermediate condition, Vair/Vm of 7.33 (Table 5).
In addition, the biomass yield was lower for a Vair/Vm of 7.33, revealing that an increased flux of carbon
was deviated to the product formation under this oxygen condition. These results indicate that oxygen
plays an important role in the production of itaconic acid by A. terreus from cellulose pulp hydrolysate.
Therefore, selecting the ideal condition is highly important to maximize the product formation since
conditions of excess or limitation of oxygen did not provide the best results. According to some
authors, interrupting aeration can completely stop the production of itaconic acid by A. terreus [29].
Moreover, experiments using different shaking speeds in flasks showed that lowering the RPMs had a
negative effect on the production of itaconic acid [22]. On the other hand, research with Aspergillus
niger revealed that a reduced level of dissolved oxygen has a positive effect on the production of
itaconic acid since high levels of dissolved oxygen increase the production of other organic acids such
as citric and oxalic acid, which redirects carbon away from itaconic acid production [30]. Therefore,
it is important to manage the aeration of the system carefully according to the strain and medium
conditions used. Low and high concentrations of dissolved oxygen could both have an adverse effect
on the production of itaconic acid. Research is, therefore, required to establish the best oxygen level to
be used during fermentation. This is also of great importance for upscaling experiments in bioreactors.

Since a Vair/Vm of 7.33 was the oxygen condition that provided the best results of itaconic acid
production, this condition was selected and used in the subsequent experiments.

3.5. Effect of C:N Ratio on the Production of Itaconic Acid

Considering that the previous experiments on the sterilization method suggested a significant
influence of the C:N ratio on the production of itaconic acid, additional experiments were performed
at this step to explore such effect with the aim of selecting conditions able to improve the production of
itaconic acid from cellulose pulp hydrolysate. As a first approach, experiments consisted in changing
the nitrogen availability in the medium by varying the concentration of (NH4)2SO4 added to it.
As can be seen in Table 6, the addition of 1 g/L (NH4)2SO4 did not provide sufficient nitrogen for the
microorganism to properly metabolize the carbon source and convert it into itaconic acid. Better results
were obtained for the other two nitrogen concentrations tested, 3 and 5 g/L. From these, supplementation
of the medium with 3 g/L (NH4)2SO4 gave the best results of itaconic acid production, with yield
and productivity of 0.52 g/g and 0.40 g/L·h, respectively. These results confirm that the production of
itaconic acid can be improved by using an appropriate C:N ratio. Nitrogen limitation or excess are
both non ideal conditions for the metabolism of A. terreus go through the itaconic acid formation.

The influence of different nitrogen sources and concentrations on the production of itaconic acid
has also been reported in other studies using different microbial strains and fermentation media.
For example, the production of itaconic acid by the fungus Ustilago maydis in medium containing
200 g/L of glucose was improved when the concentration of NH4Cl added as nitrogen source was
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increased from 15 to 75 mM [31]; while the production of itaconic acid by A. terreus ATCC 10020 from
rice husk hydrolysate containing 15 g/L of glucose was improved when the medium was supplemented
with 1.3 g/L NaNO3 and 1.1 g/L (NH4)2SO4 [12]. This makes it possible to conclude that different
strains have different nitrogen requirements for their metabolism and, according to the medium used
for fermentation, different concentrations of nitrogen should be added to promote the best performance
of the strain towards product formation.

Table 6. Effect of the nitrogen concentration on the fermentation parameters obtained during the
production of itaconic acid by A. terreus from cellulose pulp hydrolysate.

Nitrogen (g/L) YP/S (g/g) YX/S (g/g) QP (g/L·h)

1 0.01 ± 0.08 0.30 ± 0.25 0.002 ± 0.08
3 0.52 ± 0.01 0.13 ± 0.02 0.40 ± 0.06
5 0.49 ± 0.01 0.21 ± 0.01 0.33 ± 0.00

YP/S, itaconic acid yield per sugar consumed; YX/S, biomass yield per sugar consumed; and QP, itaconic
acid productivity.

As a second approach to explore the effect of the C:N ratio on the performance of A. terreus to
produce itaconic acid from cellulose pulp hydrolysate, small changes in the carbon composition were
made for a fixed medium supplementation of 3 g/L (NH4)2SO4 (which gave the best results of itaconic
acid production in the previous experiments). According to the results, when the initial concentration
of glucose in the medium was increased from 45 to 60 g/L, a significant increase in the production of
itaconic acid could be observed, which resulted in 2.3 times and 3 times higher values of yield and
productivity, respectively (Table 7). These results reinforce that increasing the initial concentration of
carbon source is an important strategy to result in a higher production of itaconic acid by A. terreus.
However, within the scope of this study, higher concentrations of initial glucose were not evaluated
since, as the nitrogen supplementation was fixed, increased carbon sources would lead to much higher
C:N ratios, which could negatively impact on the production of itaconic acid. For future experiments,
higher concentrations of glucose should be tested using an appropriate nitrogen supplementation
to offer the ideal C:N balance required by the strain to maximize the formation of itaconic acid from
cellulose pulp hydrolysate.

Table 7. Effect of the substrate concentration on the fermentation parameters obtained during the
production of itaconic acid by A. terreus from cellulose pulp hydrolysate.

Glucose (g/L) YP/S (g/g) YX/S (g/g) QP (g/L·h)

45 0.27 ± 0.02 0.24 ± 0.02 0.17 ± 0.00
53 0.52 ± 0.01 0.13 ± 0.18 0.40 ± 0.01
60 0.62 ± 0.02 0.18 ± 0.04 0.52 ± 0.02

YP/S, itaconic acid yield per sugar consumed; YX/S, biomass yield per sugar consumed; and QP, itaconic
acid productivity.

Finally, considering the different strategies evaluated in the present study, sterilization of the
cellulose pulp hydrolysate by membrane filtration, medium supplementation with 3 g/L (NH4)2SO4,
60 g/L of initial glucose concentration, and oxygen availability of 7.33 (volume of air/volume of
medium) were the most suitable to maximize the production of itaconic acid by A. terreus, resulting
in a production of 37.5 g/L, corresponding to a yield of 0.62 g/g glucose consumed, and productivity
of 0.52 g/L·h. These values compare very well to other recent studies on the production of itaconic
acid by A. terreus from different lignocellulosic feedstocks (Table 8) and confirm the feasibility of using
bleached cellulose pulp for this application. These results can still be improved by optimization of the
fermentation conditions using a bioreactor setup, which will be investigated in a next study.
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Table 8. Production of itaconic acid by A. terreus from different lignocellulosic feedstocks. All the
values correspond to experiments in flasks.

Feedstock, Glucose
Concentration (g/L)

Biomass Processing
Aspergillus terreus

Strain
Itaconic Acid

(g/L)
Reference

Corn stover, 54 Steam explosion pretreatment +
Enzymatic hydrolysis

CICC 2452, mutant
AT-90 19.3 [10]

Wheat chaff, ≈ 50 Alkaline pretreatment +
Enzymatic hydrolysis DSM 23081 27.7 [11]

Rice husks, 35 Acid pretreatment + detoxification ATCC 10020 1.9 [12]
Corn cobs, 7.7 Enzymatic hydrolysis DSM 826 0.9 [13]

Bleached cellulose
pulp, 60 Enzymatic hydrolysis NRRL 1960 37.5 Present study

4. Conclusions

To accelerate the use of lignocellulosic feedstocks in fermentative processes it is crucial to select
the right biomass for the desired process. This study demonstrated that bleached cellulose pulp is
a potential candidate for use on the production of itaconic acid by fermentation since it is highly
rich in cellulose that can easily be converted into glucose by enzymatic hydrolysis without requiring
a previous step of pretreatment. This is in fact an important aspect contributing to the economic
feasibility of the fermentation process for itaconic acid production, since pretreatment is usually a very
energy-intensive step and impacts significantly on the final costs of the process and the product.

Other important findings of this study were related to the fermentation of the glucose-rich
hydrolysate produced from cellulose pulp. Due to the presence of glucose as the main component,
no lignin or sugar degradation products in the medium that could negatively affect the strain
performance, the only concern is to establish conditions that can direct the metabolism of the strain
towards the product formation with minimum use of carbon source for biomass growth. Within this
study, it was demonstrated that the C:N ratio and the oxygen availability play important roles in
the production of itaconic acid by A. terreus from cellulose pulp hydrolysate and should be carefully
considered in subsequent studies in a bioreactor setup. Increasing the initial carbon source was also
a strategy able to result in better production of itaconic acid and should be further explored taking
into account the use of an appropriate C:N ratio during the experiments. Finally, sterilization of the
hydrolysate before fermentation is a required step that can also affect the medium composition leading
to an unbalance in the C:N ratio, being the sterilization by membrane filtration the most recommended
method to result in a better fermentation performance.
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Abstract: Complex relations link climate change and agriculture. The vast majority of the studies that
are looking into the quantification of the climate impacts use the Global Warming Potential (GWP)
for a 100-year time horizon (GWP100) as the default metrics. The GWP, including the Bern Carbon
Cycle Model (BCCM), was proposed as an alternative method to take into consideration the amount
and time of emission, and the fraction of emissions that remained in the atmosphere from previous
emission periods. Thus, this study aims to compare two methods for GHG emission accounting from
the agriculture sector: the constant GWP100 and the time dynamic GWP100 horizon obtained by
using the BCCM to find whether the obtained results will lead to similar or contradicting conclusions.
Also, the effect of global temperature potential (GTP) of the studied system is summarized. The
results show that the application of the BCCM would facilitate finding more efficient mitigation
options for various pollutants and analyze various parts of the climate response system at a specific
time in the future (amount of particular pollutants, temperature change potential). Moreover, analyze
different solutions for reaching the emission mitigation targets at regional, national, or global levels.

Keywords: climate modelling; climate change; climate policy; emission accounting; global warming
potential; global temperature change potential; greenhouse gas emissions; impulse response function;
Bern Carbon Cycle model; climate impacts of agriculture system

1. Introduction

The growing global population leads to an increasing need for resources—food, energy, and
materials. This expanding demand forces the shift from a fossil-based linear economy to a sustainable
biobased economy. Bioeconomy demands biological feedstock that has the potential to generate a
spectrum of bio-based products by involving multidisciplinary areas of science, management, and
engineering [1]. Agriculture is the primary supply of nutrition and bioenergy and a substantial
contributor to the bioeconomy. Yet, agriculture is also linked with environmental, economic, and social
aspects of climate change. For example, climate change affects the productivity of the agriculture
sector, and thus change in the agricultural practices feedback to the greenhouse gas (GHG) balance.
Therefore, climate change and agriculture are linked by complex relations, which can be difficult to
define or measure [2].

The vast majority of the studies that are looking into the quantification of the climate impacts
use the Global Warming Potential (GWP) for a 100-year time horizon as the default metrics. Since the
development of GWP metric in the early nineties, there have been updates only on the numerical value
of this metric, rather than the development of the assessment methodology itself [3].
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The use of GWP is an accepted measure within the Kyoto Protocol to the United Nations Framework
Convention on Climate Change as a measure to weigh the impact of climate due to the emissions
of GHGs. Although the use of GWP has received various criticism due to underlying assumptions,
it became widely accepted measure because of transparency and ease of use [4]. There were numerous
alternative methods developed to substitute use of GWP, such as Global Temperature Change Potential
(GTP) by Shine et al. [4], Global Warming Potential using cumulative CO2 forcing-equivalent (GWP*)
by Allen et al. [5] and other normalized point and integration metrics (see the review by Levasseur
et al. [6]). Current studies on climate science show that processes occurring in the natural environment
sometimes cannot be reasonably well quantified using a single value for measuring the impact created
in the 100-year perspective. This quantification using a single value cannot be done due to the
non-linear nature of the emission dissipation in various environments that leads to spatial and temporal
heterogeneities. Misinterpretation of these effects can lead to policy decisions that underestimate the
impacts of the emissions with a short lifetime and with a dominating local pollution effect. An example
of this phenomenon is given in the thesis work by Shimako [7] and published in the paper by Shimako
et al. [8]. This work shows that the same amount of emissions might have different influence if the
timing of emissions is considered. Another limitation of GWP is that it estimates the forcing of the
climate but does not characterize the impact of climate dynamics. Although climate dynamics are
included in the global temperature change potentials (GTPs), they are not intended to illustrate the
influence of radiative forcing and enable a qualitative interpretation of causes [9].

The GWP, including the Bern Carbon Cycle Model (BCCM), was proposed as an alternative
method to take into consideration both amount and time of emission, as well as the fraction of emissions
remaining in the atmosphere from previous emission periods. Furthermore, BCCM considers the effect
of GHG emissions estimated as a continuous pattern that handles removals (via sinks) and addition of
new emissions to the “stock” of the atmosphere hence also considering the climate system response
to emissions.

Thus, this study aims to compare two methods for GHG emission accounting from the agriculture
sector. Firstly, the constant GWP values for a 100-year time horizon (GWP100) and, secondly, the time
dynamic GWP values for a 100-year time horizon obtained by using the BCCM to find whether the
obtained results will lead to similar or contradicting conclusions. Also, the effect of global temperature
potential (GTP) of the studied system is summarized.

The agriculture sector is the world’s leading source of non-CO2 GHG emissions and the second-
largest GHGs emission source overall. On the global scale, in 2010, the non-CO2 GHG emissions from
agriculture accounted for 10–12% of the total annual anthropogenic emissions or 5.2–5.8 Gt CO2 eq. [10].
The same share of the GHGs emissions from agriculture is also evident in the European Union (EU),
where 0.442 Gt CO2 eq. originated from agriculture that corresponds to around 10% of the total annual
GHG emissions in the EU. Based on the EU strategy for a low-carbon economy by 2050 [11], non-CO2

GHG emissions or GHG emissions not covered by the EU Emissions Trading Scheme (non-ETS) should
be cut down by 30% in the comparison to the emission in 2005 [12]. Thus, these emission reductions
should also substantially relay on the emission cutbacks in the agriculture sector. Therefore, a lot of
research is put into the evaluation of emission mitigation potential in the EU Member states, including
a detailed analysis of the agriculture sector [13,14].

2. Materials and Methods

In this study, we compare the method for “traditionally” accounted for GHG emissions and
the GWP method that is used in the BCCM. By “traditional” accounting, we mean the use of GWP
and multiplying this value of GWP with the corresponding amount of GHG emission of the specific
pollutant, given in IPCC guidelines for national GHG inventories and Section 2.1 of this article. As a
method using the BCCM, we refer to the use of impulse response function and decay of pulse emissions,
which is also covered in the latest (fifth) IPCC assessment report [15] given in detail in Section 2.2 of
this article.
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2.1. Method Used in IPCC Guidelines for the National GHG Inventories

The Intergovernmental Panel on Climate Change (IPCC) has created an internationally agreed
methodology for the assessment of GHG emissions from numerous sectors, including agriculture [16].
The assessed GHG emissions (inventories) are used for approximate anthropogenic emissions by
sources and removals by sinks of GHGs. Each year, countries, including the EU Member States,
submit individual reports on the inventory of national emissions to the United Nations Framework
Convention on Climate Change (UNFCCC). These reports are used to account for the current state of
the GHG emissions, see global trends, and make forecasts. Moreover, IPCC has accomplished that
based on the reports, governments take action towards the mitigation of climate change [2].

The GHGs included in the IPCC guidelines are carbon dioxide (CO2), nitrous oxide (N2O),
methane (CH4), and fluorinated gases (HFCs, PFCs, and SF6). To quantify, compare, and analyze the
emissions, promote mitigation options, and design sustainable policy strategies, a default emission
metric, CO2 equivalent (eq.), has been developed. The CO2 eq. is obtained by multiplying the estimated
amount of non-CO2 GHG emission (component i) by a coefficient of that specific non-CO2 emission for
a fixed time horizon (usually 20 or 100 years) and summing the obtained individual CO2 eq. values
into an aggregated emission metric. The coefficient used is known as the global warming potential
(GWP)—“an index, based on radiative properties of greenhouse gases, measuring the radiative forcing
following a pulse emission of a unit mass of a given greenhouse gas in the present-day atmosphere
integrated over a chosen time horizon, relative to that of CO2” [15].

Based on new scientific and technical knowledge, the guidelines have had two major revisions
since their 1996-version: “2006 IPCC Guidelines for National Greenhouse Gas Inventories” and
the recently adopted “2019 Refinement to the 2006 IPCC Guidelines for National Greenhouse Gas
Inventories”. As a result of refinement, new sources, and pollutants, and updates to the previously
published methods, have been included in the guidelines. Also, the numeric value of the global
warming potential has been updated since its first introduction in the early nineties (see Table 1).
Changes in the GWP value have been made due to improved scientific knowledge and updated
estimates of the energy absorption, lifetime, impulse response functions. Estimates on impulse response
functions or radiative efficiencies of GHGs vary because of changing atmospheric concentrations
of GHGs that result in a change in the energy absorption of one additional ton of a gas relative to
another [15]. Since GWP of CO2 is used as a reference, GWP of CO2 equals one and remains constant
regardless of the used time frame. Therefore, any parameter adjustments for CO2 will affect all results
of the assessments done for other GHGs [15].

Table 1. Global Warming Potential (GWP) values since the first assessment report, unitless [15,17].

Time Horizon Gas IPCC 1990 IPCC 1996 IPCC 2000 IPCC 2006 IPCC 2013 IPCC 2013 1

20 years CH4 63 56 62 72 84 86
20 years N2O 270 280 275 289 264 268
100 years CH4 21 21 23 25 28 34
100 years N2O 290 310 296 298 265 298

1 With climate-carbon feedbacks [15].

The selection of time horizon has a substantial influence on the GWP values; hence, the estimated
contribution to the total emissions by the component i [15]. The majority of studies and agreements
use the 100-year time horizon. Also, the Kyoto Protocol and the Paris Agreement are based on GWPs
from pulse emissions over a 100-year time horizon. And, indeed, for many objectives, the 100-year
time horizon is applicable, especially taking into account the long-term effects of GHG emissions and
the need for long-term modelling of future temperatures. Yet, the 20-year time horizon might be a
more appropriate choice for regional/national strategies or mid-term modelling applications as their
focus typically is on a much shorter time frame [18]. In addition, tropospheric temperatures that are
more relevant for regional/national decision makers may show more rapid changes in radiative forcing,
which creates a situation when the choice of a short time horizon is more fitting [19].
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Although the use of the GWP is considered a relatively simple and easy-to-use method, in recent
years, it has received some criticism. For example, Peters et al. [20] and Ledgard and Reisinger [21]
point to the contrary outcomes that frequently are the result of a negligent and only implicit value
judgment of the time horizon to be selected. Joos et al. [22] and Tanaka et al. [23] emphasize the
importance of the proper selection of the time horizon in the determination of metrics variability,
especially for the GWP value given to gases with a relatively short lifetime (e.g., CH4) compared
to gases with long lifetimes (e.g., CH2). Cherubini et al. [3] state that uses of GWP values omits
impacts from short-term gases and biophysical factors arising from changes in land cover, as well as
overlooks the temporal and spatial heterogeneities of the climate system response to GHG emissions.
Also, Skytt et al. [18] state that with GWP, a difficulty exists on how to value CH4 emissions with
CO2 and that the use of GWP values provides “static” information expressed as the radiative forcing
potential at a specific time horizon. Finally, the phenomenon of overall acceptance and use of the
GWP as a metric for GHG emission accounting by policy developers and scientific community is
surprising, considering that since its first introduction by the IPCC in the first assessment report [17],
it has had no direct estimation of any climate system responses or direct link to policy goals (Myhre
et al. [15]; Cherubini et al. [3]). Hence, the potential use of alternative methods have been proposed
and extensively discussed in the literature (see, e.g., Cherubini et al. [3], Levasseur et al. [6], and Skytt
et al. [18]). In Section 2.2., a method based on the BCCM is presented as an alternative approach for
estimating the temporal effects of GHGs on the climate system.

2.2. Method Used in the Bern Carbon Cycle Model (BCCM)

The BCCM describes the decay pattern of GHGs in the atmosphere [24], i.e., both the amount and
time of emission are considered, as well as the fraction of emissions remaining in the atmosphere from
previous emission periods. Moreover, not constant values are taken (as 20 or 100 years), but the effect
of emissions is estimated as a continuous pattern that considers removals (via sinks) and addition of
new emissions to the “stock” of the atmosphere, hence also considering the climate system response to
emissions. The BCCM targets several aspects of the climate impact cause-effect loop (see Figure 1).

Figure 1. The cause-effect loop of greenhouse gas (GHG) emissions and climate change in blue given
segments of the loop that are studied in this article. Figure adapted from Fuglestvedt et al. [25].

The application of climate impulse response models for GHG emissions has been developed by
Levasseur et al. [26] and Joos et al. [22]. The impulse response function (IRFs) are usually used in
two ways: to describe the decay of atmospheric concentration of pulse emissions or to express global
temperature changes due to pulse radiative forcing [27]. The effect of IRF inclusion in the climate
response model is graphically represented in Figure 2.

Figure 2. Conversion of input data using impulse response function (IRF), adapted from Shimako [7].
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Pulse emission is the emission of 1 kg of pollutants at the time t = 0. When pulse emission is
released to the atmosphere, it serves as an impulse to the complex set of behavioural reactions that
occur in climate systems.

These climate responses are condensed into simplified mathematical models that use impulse
response function (IRF) [27] given as a response of the temporal temperature to a sudden unit pulse of
radiative forcing [28],

yi(t) =
∫ t

0
xi(t)IRFi(t)dt (1)

where yi(t) is the environmental impact of the pollutant i at the time step t, x is the emitted amount of
the pollutant i, and IRFi is the impulse response function of the pollutant i [29],

AGWPi(H) =

∫ t

0
RFi(t)dt = AiRi (2)

where AGWPi is the absolute global warming potential of pollutant i (W·m−2kg−1·year), RFi is the
radiative forcing occurring due to a pulse emission of pollutant i emitted to the atmosphere at time
horizon H (W·m−2). RF is the function of specific radiative forcing (Ai, W·m−2kg−1)—the ability to
increase RF when the unit of the specific pollutant’s i mass increases in the atmosphere (see Table 2 for
numerical values), and the fraction of pollutant’s mass remaining in the atmosphere after the pulse
emission of the pollutant i (Ri). The fraction of pollutant’s i mass remaining in the atmosphere at the
time moment t (Ri(t)) is given as a simple exponential decay function:

Ri(t) = exp(−t/τi) (3)

where τi is the time needed for the pulse emission of pollutant i to converge to zero concentration,
known as perturbation lifetime (years) [22], for CO2, CH4, and N2O emissions, the pattern of R is
substantially different over a 1000 years’ perspective (see Figure 3).

Table 2. Specific radiative forcing (Ai), perturbation lifetimes (τi), and parameter ai values for the
calculation of the pollutant’s fraction remaining in the atmosphere (Ri) [3,15,22,29].

Pollutant
Constants

Ai, W·m−2kg−1 τi, Years ai, Unitless

CH4 1.82·10−13 12.4 -
N2O 3.88·10−13 121.0 -

CO2 1.7517·10−15

- 0.2173, a0
394.40, τ1 0.2240, a1
36.54, τ2 0.2824, a2
4.304, τ3 0.2763, a3

Most of the pollutants follow single exponential decay, while for the CO2, the behaviour is given
with more complex equations [22]. Hence, also the fraction of various GHGs remaining in the air varies
by nature. As seen in Figure 3, for CH4, the decay is much faster, while almost a quarter of the CO2

emitted in the year 0 is still present in the atmosphere even after 1000 years.
While the perturbation lifetime and specific radiative forcing are known constants for some of

the emissions, such as CO2, CH4, N2O, and others (see Table 2 for numerical values). The fraction of
CO2 pulse emission remaining in the atmosphere cannot be represented by a single constant and a
simple exponential decay function, as in the case of CH4 and N2O. The fraction of CO2 pulse emission
remaining in the atmosphere follows approximation by a sum of exponential functions:

RCO2(t) = a0 +
∑3

i=1
ai exp(−t/τi) (4)
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Global warming potential for pollutant i at time t (GWPi(t)) is calculated by referring absolute
global warming potential of the pollutant i (AGWPi), to the AGWP of the reference gas, usually CO2,
and integrating it over time period t:

GWPi(t) = AGWPi(t)/AGWPCO2(t) =
∫ t

0
RFi(t)dt/

∫ t

0
RFCO2(t)dt (5)

The change of normalized GWP values and absolute GWP values over 100 years in the case of
pulse emissions of CO2, N2O, and CH4 are given in Figures 4 and 5, respectively.

Figure 3. The fraction of pulse emissions at year zero remaining for greenhouse gas emissions of CO2,
N2O, and CH4 in 1000 years’ time frame.

Figure 4. Normalized GWP values as a response to emission of CO2, N2O, and CH4 at year zero. The
values are normalized to the maximum value of the corresponding GWP of each gas, unitless.

As can be seen in Figures 4 and 5, the trendlines for the emissions of CH4 and N2O are both of
different natures and different magnitude, while CO2 constant values of 1 are assumed.
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Figure 5. Absolute GWP values as a response to emission of CO2, N2O, and CH4 at year zero, unitless.

Global temperature potential for pollutant i at time t (GTPi(t)) is calculated by referring absolute
global temperature potential of the pollutant i (AGTPi), to the AGTP of the reference gas, usually CO2,
and integrating it over time period t:

GTPi(t) = AGTPi(t)/AGTPCO2(t) (6)

where the absolute global temperature change potential of pollutant i in the time horizon H (AGTPi(H),
K·kg−1) [4,30] is calculated as:

AGTPi(H) =

∫ H

0
RFi(t)RT(H − t)dt (7)

where RT is the climate response (K·m2·W−1·kg−1), H is the time horizon over which the absolute
global temperature change potential is calculated (years). RT is given by the sum of exponentials:

RT(t) =
∑M

j=1
(cj/dj)exp(−t/dj) (8)

where cj is climate sensitivity (K·(W·m−2)−1), and dj is response time (years) (see Table 3 for numerical
values). In this equation, the first term is the reaction of the mixed layer in the ocean to a forcing; the
second term is the reaction of the deep layer in the ocean. Two exponential terms based on Boucher
and Reddy for the non-CO2 greenhouse gases and CO2 are given in Equations (9) and (10), respectively.

AGTPi(H) = Ai

∑2

j=1
τcj/(τ− dj)

(
exp(−H/τ) − exp

(
−H/dj

))
(9)

AGTPCO2(H) = ACO2

∑2
j=1

[
a0cj

(
1− exp

(
−H

dj

))

+
∑3

i=1
aiτicj
τi−dj

(
exp
(
−H
τi

)
− exp

(
−H

dj

))] (10)

Table 3. Values of the climate sensitivity and response time coefficients [15].

Coefficient 1st Term 2nd Term

cj, K(W·m−2)−1 0.631 0.429
dj, years 8.4 409.5
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The concept of GTP was first introduced by Shine et al. [4] and further discussed in Shine et al. [31].
The change of normalized GTP values and absolute GTP values over 100 years in the case of pulse
emissions of CO2, N2O, and CH4 are given in Figures 6 and 7, respectively.

 
(a) 

(b) 

Figure 6. Normalized (a) absolute global temperature change potential (AGTP) (b) GTP values as a
response to emission of CO2, N2O, and CH4 at year zero. The values are normalized to the maximum
value of the corresponding AGTP or GTP of each gas, unitless.
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(a) 

 
(b) 

Figure 7. Absolute (a) AGTP and (b) GTP (unitless) values as a response to emission of CO2, N2O, and
CH4 at year zero.

2.3. Case Study—Agriculture Sector in Latvia

In the agriculture sector, aggregated annual GHG emissions is a commonly used measure to
characterize pressures and risks that GHGs produced on an ecosystem. The total rate of GHG emissions
given as t CO2 eq. from agriculture per country per year is estimated by following the IPCC guidelines
for national GHG inventory [32]. The main contributors to GHG emissions from the agriculture sector
are methane (CH4) and nitrous oxide (N2O). Livestock enteric fermentation and addition of fertilizers to
soils represent the largest emission sources, livestock manure management being a smaller source. In
this study, the agricultural GHG emission results obtained and presented by Dace et al. [2] are used. In
their study, Dace et al. [2] developed a system dynamics model of the Latvian agriculture sector and
followed the IPCC guidelines for national GHG inventories [16] to calculate the sectoral GHG emissions.

The model included the following elements that usually create agricultural systems in the majority
of countries: land management, production of livestock and crops, management of manure, fertilization
of soil, also various decisions, such as choice of the practices of manure management and the type of
crops produced. Thus, the interlinkages and complexity of the sector were simulated. The model was
validated against the historic data and used for making GHG emission projections until 2030. In this
study, we use the amount of GHG emissions estimated by Dace et al. [2] (see Figure 8) and apply the
two methods provided in Section 2 to compare the obtained results expressed as aggregated GHG
emissions in CO2 eq.
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(a) 

(b) 

Figure 8. Annual (a) methane and (b) nitrous oxide emissions from the agriculture sector in Latvia,
2005–2030 (data from Dace et al. [2]).

3. Results and Discussion

The temporal effects of the annual emissions on the current year basis and the cumulative effect of
this flow in the atmosphere for both continued emission flow and the eliminated emission flow are
given in Figure 9.

In Figure 9, each curve represents the annual pulse emissions. Since the pollutants emitted in
previous years are still in the atmosphere and decaying (see Figure 4 for individual emission decay
trendlines), these pollutants are added up to emissions of the current year. The accumulation of these
pulse emissions is continued until the pollutant has converged to zero concentration.

As can be seen in Figure 9, the flow rate of emission on the current year basis is relatively lower
than the amount of the total cumulative emission in the air from the previous years. From this
observation, two essential conclusions can be given. First, the importance to account and reduce also
“small” amounts of emissions since these “small” amounts add up to a more significant cumulative
effect. And second, the interference in the flow of the emissions will have a “visible” affect only a
couple of decades later, since it takes time to decay emissions already accumulated in the atmosphere.

The cumulative GHG emissions calculated using the GWP100 values from the IPCC fourth [16]
and fifth [15] assessment report and the emissions calculated using the decay function from BCCM
show more substantial disparities in a shorter time horizon. At the same time, these disparities reduce
in a longer time horizon (see Figure 10).

The use of the latest GWP100 values from IPCC 2013, which include carbon cycle feedback [15],
results in emission curves located closer to the curves obtained with BCCM than the use of GWP100
values taken from IPCC 2006 [16]. Especially significant convergence towards numbers obtained by
BCCM is evident for CH4 emissions using IPCC 2013 values instead of IPCC 2006 values. As one of
the thought-provoking differences between results in IPCC and BCCM methods, the different nature of
the line shapes should be stressed out. Since CH4 decay has an evident non-linear nature, the most
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significant difference in the results is created in the near-term estimates of the CH4 impacts. Similar
findings are given in the work by Allen et al. [5], where the most significant misrepresentation of
the impacts using GWP is evident in the case of methane and aerosol emissions. In Figure 10, this
difference is given between the straight lines of IPCC 2006 and IPCC 2018 results and the non-linear
line of BCCM results. Where an almost twofold difference is created in the short-term analysis, this
difference cannot also be compensated with overestimated N2O impacts, because N2O results by
BCCM follow a linear nature until 2030 relatively tightly.

Figure 9. The emission flow rate on the current year basis and the cumulative effect of this flow in the
atmosphere for continued emission flow and the elimination of the emission flow: an example of CH4

emissions from enteric fermentation in Latvia, 2005–2100.

Figure 10. The comparison of the cumulative GHG emissions calculated using the GWP values from
IPCC 2006 and IPCC 2013 and the decay function using the Bern Carbon Cycle Model (BCCM).
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These differences in the total cumulative amounts of GHG emissions are due to the use of constant
GWP values in the IPCC methodology, while in decay function, the GWP value changes with time; see
Figure 11 for GWP values for N2O emissions and Figure 12 for CH4 emissions.

 

Figure 11. Absolute GWP values for N2O emissions given using the BCCM “GWP for N2O” and
average GWP values for the first 20 years after pulse emission of N2O named “av.GWP20 for N2O”
and has the value of 288.05; for the first 100 years—“av.GWP100 for N2O”; for the first 500 and 1000
years—“av.GWP500 for N2O” and “av.GWP1000 for N2O”. GWP value for the first 100 years given in
the IPCC 2013, including the carbon cycle feedback, has the value of 298 and is given as “GWP100 for
N2O IPCC 2013*”, unitless.

The high sensitivity of the GWP values for the chosen time frame for CH4 and N2O is due to
the non-linear nature and different mathematical functions used for approximation of these decay
functions. The difference in the average values of GWP for different time horizons can be substantial,
and the obtained conclusions can be misleading. When using these averages, a situation is also possible
when a longer time horizon diminishes the importance of local and relatively short lifetime emissions,
such as CH4. For example, the described situation is evident that in the case of N2O emissions, the
time frame of 20 or 100 years does not change the applied GWP values so significantly as they change
in the case when CH4 is assessed either in 20 or 100 years (see Figure 12).

Also, the perturbation time of CH4 emissions is approximately ten times less than the perturbation
time of N2O emissions. Thus, the use of single metrics for such different behaviour is rather challenging.
The difference in the emissions’ trendlines, given in Figure 10, between the GWP values from IPCC
and the values from BCCM is visually explained in Figures 11 and 12, where GWP100 values used in
IPCC2013 for N2O and CH4 emissions graphically are located between different segments. In Figure 11,
for N2O emissions, the value of GWP100 from IPCC2013 is 298, including carbon cycle feedbacks. This
value of 298 is higher than the mathematical average of GWP20 and GWP100 values for N2O. While
for CH4 emissions given in Figure 12, the value of GWP100 from IPCC2013 is 34, including carbon
cycle feedbacks. This value of 34 is in between the mathematical average of GWP20 and GWP100
values for CH4. Thus, these selected GWP100 values from IPCC describe different segments of the
emission decay period for N2O and CH4 and, therefore, create differences in the obtained results.

Also, longer time horizons, in general, give lower GWP values. Thus, it is always better to select a
longer time horizon to have a smaller impact, but does it provide a reasonable picture of these impacts?
It can be further discussed, how can the assessment of the impact at the government or enterprise-level
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reasonably give an interpretation for the values of the possible impacts in 100 or 500 years? And how
realistic is it that the cost of these created impacts in 100 or even in the next 20 years will be adequately
attributed to the producer or consumer of today? In Figure 10, the total cumulative GHG emissions
calculated using GWP values suggested by the IPCC and decay functions are compared until 2030.
Usually, the comparison is used to show the created impact. In fact, the effect of the emissions occurring
in the last year (2030) and a couple of years before 2030 are not included in the calculations when using
the decay function. For the more realistic impacts, see Figure 13a.

Figure 12. Absolute GWP values for CH4 emissions given using the BCCM named “GWP for CH4”
and average GWP values for the first 20 years after pulse emission of CH4 named “av.GWP20 for
CH4” and has the value of 71.16, for the first 100 years—“av.GWP100 for CH4”; for first 500 and 1000
years—“av.GWP500 for CH4” and “av.GWP1000 for CH4”. GWP value for the first 100 years given in
the IPCC 2013, including carbon cycle feedback, has the value of 34 and is given as “GWP100 for CH4

IPCC 2013*”, unitless.

(a) 

Figure 13. Cont.
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(b) 

 
(c) 

 
(d) 

Figure 13. The comparison of the total cumulative GHG emissions calculated using IPCC methodology
and decay function before and after year 2030, Latvia (a) reference case or business as usual based on
Dace et al. [2] (b) constant emission after 2020, (c) declining emissions by 2% after 2020, (d) declining
emissions by 10% after 2020.
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Assuming that after the year 2030, no more emissions are occurring, Figure 13a shows how the
amounts of the emissions released to the atmosphere until 2030 slowly decay. The figure shows that
the fraction remaining in the air of various GHG emissions varies by nature. For CH4, the decay is
much faster, while N2O has not even halved since its release. Similar findings of the lack of appropriate
comparison between short-lived GHGs (in this case, CH4) and long-lived GHGs (N2O) are discussed in
work by Boucher et al. [30]. The authors explain that difficulty in using GWP for short-lived GHGs is
because the GWP value does not consider that the radiative forcing of these short-lived GHGs has time
to relax and reach equilibrium in the analyzed time horizon. Thus, Boucher et al. [30] have introduced
the GTP concept that generalizes climate impacts and considers different climate responses for both
short and long-lived GHG emissions.

The faster decay of CH4 is usually used as the argument to reduce the importance of this emission,
especially in the agriculture sector, where CH4 emissions have a significant share in the total impact
categories; see Figure 14a,b.

 
(a) 

 
(b) 

Figure 14. (a) Absolute global temperature change potential (AGTP) and (b) global temperature change
potential (GTP) calculated for the emissions from agriculture in Latvia.
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If the impact on the GTP from CH4 is assessed, it can be seen that CH4 shows a more obvious
temperature change effect in a shorter run and, in total, contributes to more than half of the temperature
change effect created by the agriculture in Latvia, as given in Figure 14.

In this case, various different scenarios of the agriculture emission are modelled, such as constant
emissions or decreasing emissions; see Figure 15. As can be seen, Figure 13a–c depict related trends
very precisely. For example, the total emissions from agriculture in Latvia in the year 2030 between
scenarios given in Figure 15a, business as usual or 2% growth of emissions and Figure 15b, constant
emissions after the year 2020 calculated based on BCCM will differ by 4% only. This example shows
how hard it is to reach the emission reductions due to accumulation and long perturbation time of
these emissions in the atmosphere. In work by Olivié and Peters [27], the common characteristics and
differences between GWP and GTP are discussed. Both methods are designed to be simple tools for
comparing impacts to climate from several types of GHG emissions. Both methods refer to the pulse
emission of some specific GHG in comparison to the pulse emission of the same quantity of reference
CO2 emissions, while the difference is in the used mathematical model—where GWP is based on
comparing the changes in radiative forcing overtime, and GTP on global mean temperature changes
over time [4].

(a) 

(b) 

Figure 15. Cont.
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(c) 

(d) 

Figure 15. Modelled scenarios for the emissions from agriculture in Latvia, (a) reference case or business
as usual based on Dace et al. [2], (b) constant emission after 2020, (c) declining emissions by 2% after
2020, and (d) declining emissions by 10% after 2020.

The most significant difference between GWP and GTP is that GTP is an end-point metrics, while
GWP is a cumulative measure of climate change. Thus, the value of radiative forcing is of great
importance in the analysis of GTP, and more weight is given to climate effects of radiative forcing
that come later in the perturbation time of the analyzed pollutants. Thus, for the emissions with a
shorter perturbation time, there will be a more significant difference between the results of GWP and
GTP results. This theory implies that the GWP assessment gives an overestimation of the short-lived
pollutants for the mitigation of climate change. In work by Boucher and Reddy [30], the difference
between black carbon emissions for 100 years perspective in the case of using GTP gave seven times
smaller impact than the corresponding GWP assessment. These findings are also in agreement with
the work of Shine et al. [4]. Also, the choice of the time horizon to evaluate the impacts of the emissions
is of significant importance. By far, the most common practice is to use a 100-year time horizon, since
it is used in the Kyoto Protocol [27], but there is no scientific justification in using this particular
time horizon. The larger the time horizon is chosen, the fewer effects can be attributed to short-lived
pollutants [30]. On the other hand, sustainability cannot be achieved if only long-lived pollutants are
accounted and restricted, while short-lived continue to degrade local ecosystems. Therefore, here, both
short-term and long-term impacts on sustainability should be assessed and balanced.

Moreover, the choice of the time horizon of 20 years or 100 years or some other time horizon
is still not scientifically justified by any concrete evidence [30]. Thus, the obtained results are also
sensitive to the assumed time horizon and can lead to contradicting conclusions.
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Our findings are also in agreement with work published by Shimako [7] and Shimako et al. [8].
The authors of the research studied the same total amount of emissions but taken with two different
emission timing profiles. One emission profile was constant through the simulation, another emission
profile peaked in the beginning and then was zero for 4/5 of the simulation. Due to this difference in
the emission profiles, the temporal effects of these two emission profiles also differ. In contrast, the
total amount of emissions at the end of the simulation was the same for both profiles. In case GWP
would be multiplied by the total amount of emissions, the obtained results would be the same for both
profiles. This phenomenon is also evident in our findings—the cumulative emissions have different
impact profiles when the same amount of total emissions is considered using temporal impacts.

Since the short-lived GHG emissions affect local environments in more apparent patterns, such
as effects on air quality, human health, and local ecosystems, in work by Rypdal et al. [33], it was
proposed to regulate short-lived emission in regional policy contexts. The influence of the emissions
on local metrics is reviewed in detail in work by Rypdal et al. [34] and by Levasseur et al. [6].

Work by Olivié and Peters [27] also explains that in coupled systems, the temperature changes
will also affect the ocean in two ways. Firstly, the absorption of CO2 directly by the ocean will increase
if the temperature will rise. Secondly, ocean circulation patterns will be changing, due to direct effects
from increased respiration and photosynthesis or indirectly by changes in precipitation. Also, the
authors discuss how various changes in these coupled systems might influence the numerical values
used in IRF. Nevertheless, we would like to stress that, in this work, the precise numerical values were
not of such high importance as the depiction of overall dynamics and different results that can be
obtained using two different methodological approaches.

Also, work by Jardine et al. [35] shows that various feedbacks exist when CH4 emissions are
analyzed. For example, the global atmospheric lifetime of CH4 is defined by the amount of atmospheric
concentration of CH4 (CH4 burden) divided by the amount of annual removal of CH4 from the
atmosphere (CH4 sink). Thus, increasing the concentration of CH4 in the atmosphere will lead to
longer global atmospheric lifetimes. In work by Holmes [36], the strength of chemical feedback for
CH4 was analyzed using meteorological, chemical, and emissions factors. The research shows that
this feedback depends weakly (likely in the 10% range) on temperature, insolation, water vapour, and
emissions of NO. While perturbation time of CH4 might rise as high as 40% and more, this means that
close accounting of the balance in CH4 is needed in order to have valid assumptions about the time
when “constant” values cannot be treated as constants anymore.

To sum up, we believe that both types of emission accounting (the constant GWP values for
a 100-year time horizon (GWP100) and the time dynamic GWP values for a 100-year time horizon
obtained by using the BCCM) are valuable to use; each has its strength and weaknesses. Thus, we
propose to also look on the temporal impacts of emissions, since it might help in designing more
precisely targeted policy measures appropriate for the chosen mitigation priorities.

As given in the report by Jardine et al. [35], CH4 emissions decay about ten times faster than N2O,
but from the other point of view, policy measures targeting CH4 reduction will also show the effect
on the reduction of climate change ten times faster than measures targeting N2O. Also, the report
by the United Nations Environment Programme and the World Meteorological Organization [37]
shows that the adoption of policies targeting short-lived GHGs would allow reaching climate change
mitigation targets with higher confidence. The report also shows that CO2 reduction measures alone
would exceed the set temperature thresholds anyway already in the near term. In contrast, only CH4

reduction measures would keep the temperature below the threshold in the near term while exceeding
the limit later because of the effect of other GHGs. As the opposing argument for stricter control of
long-term pollutants is the fact that any technological solution and policy measure will be implemented
only for the finite time. Usually, the selected time horizon is much shorter than the consequences of the
pollution associated with these technologies.
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4. Conclusions

In this paper, two methods for GHG emission accounting were compared. First, using the constant
GWP values for a 100-year time horizon (GWP100) and second, the time dynamic GWP values for a
100-year time horizon obtained by using the BCCM that takes into consideration the climate system
response to the amount, time and decay rate of the emitted pollutant. The GWP100 values are the
default emission metric suggested by the IPCC for the annual emission accounting, and it is considered
a relatively simple and easy to use the method. Although no scientific evidence backs the use of
GWP100 and, more importantly, GWP100 has “no direct estimation of any climate system responses
or direct link to policy goals” (Myhre et al. [15]; Cherubini et al. [38]), policymakers widely use the
GWP100 values in designing GHG emission mitigation strategies and international agreements, like
the Kyoto protocol and Paris agreement.

The results of our study show that the cumulative emissions have different impact profiles when
the same amount of total emissions is considered using temporal impacts. The obtained results are also
sensitive to the assumed time horizon and can lead to contradicting conclusions. The high sensitivity
of the GWP values for the chosen time frame for CH4 and N2O is due to the non-linear nature and
different mathematical functions used for approximation of these decay functions. The difference in
the average values of GWP for different time horizons can be substantial, and obtained conclusions
can be misleading. When using these averages, a situation is also possible when a longer time horizon
diminishes the importance of local and relatively short lifetime emissions, such as CH4. For example,
the described situation is evident that in the case of N2O emissions, the time frame of 20 or 100 years
does not change the applied GWP values so significantly as they change in the case when CH4 is
assessed either in 20 or 100 years.

If the impact on the GTP from CH4 is assessed, it can be seen that CH4 shows a more obvious
temperature change effect in a shorter run and, in total, contributes to more than half of the temperature
change effect created by the agriculture in Latvia.

The BCCM facilitates the selection of the time horizon needed for the specific purpose and
expresses the results of policy decisions as to the effect of emissions on the global temperature change
potential. The use of GWP100 is still useful and needed as (at least) two purposes of the emission
accounting should be separated—one is for the emission inventory, the other is for the policy planning.
The inventory is needed to keep track of the annual emission rates and assess the trends and success
achieved in the emissions mitigation in the past, and GWP100 is useful for the purpose.

Meanwhile, policy strategies and instruments aim to achieve some desirable behaviour that may
effectively govern a system in the future. And the GWP values obtained by using the BCCM would be
much more useful for the purpose. Although “countries and the international community have made
significant investments in inventory systems” [16] reconsideration and use of other methodology by the
policymakers might eventually be less costly than dealing with consequences of climate change and
wrong decisions (sub-optimal policies). Application of the BCCM would facilitate finding more efficient
mitigation options for various pollutants, analyze multiple parts of the climate response system at a
specific time in the future (amount of particular pollutants, temperature change potential), or analyze
different solutions for reaching the emission mitigation targets at regional, national, or global levels.
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Abstract: The European Union’s (EU) climate and energy package requires all EU countries to reduce
their greenhouse gas (GHG) emissions by 20% by 2020. Based on current trends, Ireland is on track to
miss this target with a projected reduction of only 5% to 6%. The agriculture sector has consistently
been the single largest contributor to Irish GHG emissions, representing 33% of all emissions in 2017.
Small-scale anaerobic digestion (SSAD) holds promise as an attractive technology for the treatment
of livestock manure and the organic fraction of municipal wastes, especially in low population
communities or standalone waste treatment facilities. This study assesses the viability of SSAD
in Ireland, by modelling the technical, economic, and environmental considerations of operating
such plants on commercial Irish dairy farms. The study examines the integration of SSAD on dairy
farms with various herd sizes ranging from 50 to 250 dairy cows, with co-digestion afforded by
grass grown on available land. Results demonstrate feedstock quantities available on-farm to be
sufficient to meet the farm’s energy needs with surplus energy exported, representing between 73%
and 79% of the total energy generated. All scenarios investigated demonstrate a net CO2 reduction
ranging between 2059–173,237 kg CO2-eq. yr−1. The study found SSAD systems to be profitable
within the plant’s lifespan on farms with dairy herds sizes of >100 cows (with payback periods of
8–13 years). The simulated introduction of capital subvention grants similar to other EU countries
was seen to significantly lower the plant payback periods. The insights generated from this study
show SSAD to be an economically sustainable method for the mitigation of GHG emissions in the
Irish agriculture sector.

Keywords: anaerobic digestion; methane production; co-digestion; combined heat and power;
farm-scale; technical-economic analysis; life cycle assessment; greenhouse gas emission; Ireland

1. Introduction

The European Union’s (EU) climate and energy package sets binding greenhouse gas (GHG)
emission reduction targets for all EU states by 2020; these include a 20% cut in GHG emissions,
to produce 20% of energy consumed from renewable sources, and a 20% improvement in energy
efficiency [1]. The Republic of Ireland, in particular, has struggled to meet its emission targets, with
most recent estimates projecting a 14–15% shortfall, resulting in the country projected to pay up to €103
million in carbon credits to compensate for its lack of climate action [2,3]. Ireland’s agriculture sector
has consistently remained the single largest contributor, accounting for 33% of all GHG emissions in
2017, and 46% of all non-emission trading system (ETS) GHG emissions [4]. The country now faces
a dilemma, to either limit or reduce the growth of its agriculture sector (which is vital to Ireland’s
economy) or to disregard its environmental obligations.
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A promising technology with the capacity to provide both renewable energy and GHG reduction,
particularly in the agriculture sector, is anaerobic digestion (AD). AD is a natural process in which
microorganisms (hydrolytic, fermentative, acetogenic and methanogenic bacteria) break down
biodegradable material in the absence of oxygen, producing biogas (a mixture mainly composed of
methane and carbon dioxide). These systems are beneficial for improving on-site energy generation,
upgrading wastes, and producing a nutrient-rich fertiliser from the digester effluents. They can also
reduce pathogenic loads, odours and greenhouse gas emissions emanating from the agricultural
processes [5–8]. Furthermore, the technology has received considerable research attention, advancing
its potential capability through optimisation strategies [9–14]. Despite the apparent benefits, Ireland has
been slow to adopt the technology, ranking 20th in AD penetration among the EU-28 countries [15–17].
A contributing factor to the low deployment is the concentration of “large scale plants”, particularly in
Europe, where the siting of such centralised facilities has been based on the availability of significant
quantities of biomass feedstock [18]. However, the biomass quantities in many Irish farms are currently
insufficient to meet the feedstock requirements of medium-and large-scale AD plants. The situation is
worsened when considering that the average dairy herd in Ireland only consists of approximately 90
cows in 2018 [19].

The application of small-scale anaerobic digestion (SSAD) plants with an electrical output of
15–100 kWe, holds promise in overcoming the technical and economic barriers associated with treating
lesser biomass quantities [18]. SSAD may be particularly useful for the Irish dairy industry, where
there is a large livestock population (1.4 million dairy cows) [20], there are predictable process energy
demands and reliable feedstock collection potential, its deployment is promising. Despite the potential
of this technology, previous studies have largely focused on the implications of deploying medium to
large scale AD plants (>100 kWe) with relatively little focus on the Irish context [21,22]. Therefore,
a lack of understanding is apparent in the applicability of SSAD plants in stand-alone agricultural
environments within Ireland [23].

The goal of this study was to provide an initial assessment of the viability of SSAD on commercial
Irish dairy farms. Thus, not only benefiting the reported case study but also other countries and
regions, especially those with significant agricultural and livestock productivities. To achieve this goal,
the following objectives were put forward:

• Examine the technical parameters associated with the operation of an SSAD plant at
various capacities.

• Conduct a CO2 balance to assess the various scenarios investigated.
• Conduct an economic analysis investigating total revenues, expenditures and financial indicators,

such as net present value (NPV) and internal rate of return (IRR).

2. Materials and Methods

2.1. System Boundary

This study considered a “cradle-to-grave” system boundary, encompassing both the technical and
environmental impacts in the construction and operation of SSAD plants at various scales. The system
boundary, as described in Figure 1, was divided into four main parts:

1. Associated agricultural processes: (i) crop production; (ii) crop harvest and transport; (iii) manure
collection and transport; (iv) storage; (v) transport to digester;

2. Biogas production: (i) digester feeding (ii) the AD process;
3. Energy conversion: (i) energy generation (production of electricity and heat); (ii) final use of

energy produced;
4. End of life of digestate: (i) storage; (ii) transport and digestate spreading.
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Figure 1. System boundary.

This study did not examine the processes related to the SSAD plant construction, as the material
use and key manufacturing processes are unclear. Similarly, the inputs and processes related to the
disposal of the plant were also not considered and are outside the study scope. Additionally, the inputs
related to the production of farm equipment (e.g., tractors, machines) were not included in the system
boundaries, due to the uncertainty regarding their energy input. All simulations were created and
run using the software package Microsoft Office Excel (Microsoft Office 2016, Microsoft Corporation,
Redmond, WA, USA).

2.2. Feedstock Yield

The farms simulated in this study were selected based on their ability to collectively provide a full
representation of the Irish dairy industry, which consists of mainly small to medium-sized farms, as
illustrated in Figure 2. The study used a co-digestion feedstock of both dairy cow manure and grass
silage. Grass silage was selected because of its popularity in Ireland, where 80% of agriculture land
is devoted to pasture, hay and grass silage [24]. Furthermore, Ireland has ideal climate conditions
for grass production, experiencing mild and moist conditions, an abundance of rainfall and a lack of
extreme temperatures [25,26].
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Figure 2. Distribution of total farms and dairy cows by farm size in Ireland. Estimated, based on data
received from [27].

Five dairy farm sizes were selected, these relate to the assumed herd sizes of 50 dairy cows
(Scenario 1); 100 dairy cows (Scenario 2); 150 dairy cows (Scenario 3); 200 dairy cows (Scenario 4); and
250 dairy cows (Scenario 5). The number of dairy cows refers to the number of female bovine dairy
cows, which had already calved and were kept exclusively to produce milk.

The dairy enterprise is based on a self-contained Holstein–Friesian herd [28], retaining pure-bred
replacements and selling beef crosses at three weeks. Dairy cows are culled, on average, after
five lactations (i.e., annual replacement rate of 18%), which is common in Ireland [29,30]. Manure
is predominantly collected from the milking parlour and the cattle housing units (mainly slatted
sheds) [31]. The quantity of manure produced per adult cow, heifer, and calve is presented in Table 1.
Over the 16 week winter period, it was assumed all manure produced was collected for digestion
as the cows are housed [32]. It was more difficult to estimate manure collection over the grazing
period (remainder of the year) as collection mainly occurs when the cows are being milked. Based on a
milking rate of two times per day and the increased metabolic rate during this period, a 20% manure
collection rate was assumed in comparison to Table 1 figures, i.e., 10.4 kg fresh weight (FW) day−1 for
adult cows, 7.44 kg FW day−1 for heifers, and 3.72 kg FW day−1 for calves.

Table 1. Characteristics of dairy livestock.

Livestock Livestock Weight Target Total Manure Production (FW day−1)

Adult cows
(<24 months) 550 kg a 52.2 kg b

Heifers
(12 to 24 months) 406 kg a 37.2 kg b

Calves
(>12 months) 175 kg a 18.6 kg b

a Assumed, based on reports for livestock weight by [32]; b Ultimate analysis presented in [33] for dairy cow
manure production.

In the model, it was assumed that the dairy enterprise was the primary source of income, with
revenue from biogas production being a supplementary income stream. Consequently, the needs of the
dairy herd were prioritised, with only surplus crops used for biogas production. The area of farmland
available to grow feedstock was estimated by subtracting Ireland’s mean farm size (based on herd
size) from the area of land required to sustain the dairy herd. The mean farm sizes for the scenarios
considered corresponded to 43.51 (Scenario 1), 68.74 (Scenario 2), 93.96 (Scenario 3), 119.19 (Scenario 4),
and 144.41 hectares (Scenario 5) [27]. The area of farmland required to sustain the dairy herd was
based on a recommended ratio of 2.8 cows per hectare with an additional 20% margin of safety added,
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to account for seasonal variations and unusable land [32]. Silage yields in Ireland are typically between
11 and 15 t dry solids (DS) ha−1; yields are generally higher in the southwest and decrease towards the
northeast [25,34]. The model assumed an average yield of 13 t DS ha−1 to enable it to represent the
majority of Irish dairy farms.

2.3. Pre-Digestion Farm Activities

This study considered the direct and indirect energy inputs for the co-digestion feedstock prior
to digestion. For the grass silage feedstock, energy inputs in cultivation, harvesting, recovery and
digester feeding were accounted for and are described in Tables 2 and 3. The calculations used in
Table 2 were based on the land being ploughed every seven years to maintain grass productivity. For
the dairy cow manure feedstock, the energy inputs related to its collection, loading and transportation
from the farm’s cattle housing and milking parlour to the digester were also accounted. According to
Berglund [35], the energy input in loading and transporting liquid manure is 2.5 MJ t−1 km−1. The
model used this figure and an estimated distance of 500 m between the manure storage and digester to
calculate energy consumption. The system boundary assumed that the digestate produced from the
AD process was spread as fertiliser on the farms’ own land.

Table 2. Fuel consumption by machinery in grass cultivation. Reproduced from [36], Elsevier: 2008.

Operation Average Diesel Fuel Consumption (l ha−1 y−1)

Crop production

Soil ploughing and crumbling 4.67
Sowing and maintenance 6.9

Weed control 0.24
Transport and spreading of fertiliser 18

Crop collection and transport

Harvest 47.20
Harvest transport 25.49
Silo compaction 8.80

Digester feeding (grass) 23.57

Table 3. Energy consumed and CO2 emitted from raw materials. Reproduced from [36], Elsevier: 2008.

Application Rate
(kg ha−1 yr−1)

Energy Consumed (MJ
kg−1)

CO2 Emitted
(kg CO2 kg−1)

Mineral fertiliser

Nitrogen 82 a 70 ± 34 2.5 ± 0.1
Phosphorus pentoxide 11 a 12 ± 4 1.1 ± 0.4

Potassium oxide 29 a 7.5 ± 2.5 0.67 ± 0.19

Other raw materials

Diesel N/A 56.3 ± 5.6 3.64 ± 3.6
Weed control 0.11 b 200 ± 20 15.45 ± 1.5

a Assumed, application rate of mineral fertilizer according to [37]; b Average pesticide applied to grass reported
by [38].

2.4. Operation of the Biogas Plant

The biogas available for potential recovery in an AD plant is largely dependent on the fraction of
volatile solids (VS) in the feedstock, high fractions of VS correlate to higher biogas production [39].
The VS content represents the portion of organic solids that can be digested in the feedstock, while the
remainder of the solids is fixed [40]. Using the feedstock physical and chemical properties described
in Table 4, the biogas flowrates per kg of VS were quantified using the Boyle–Buswell stoichiometric
relationship described in Equation (1) [41]. This methodology assesses the biogas potential of organic
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solids through the AD process. As this methodology considers the total content of VS to be biologically
degraded, it can lead to an overestimation of the biogas produced from the feedstock in comparison to
real-world case studies [42]. Nevertheless, Boyle–Buswell has been commonly applied in literature
as an effective indicator to gauge biogas potential [21,43,44]. The subsequent methane yield was
0.6376 m3 CH4 kg−1 VS from dairy cow manure and 0.822 m3 CH4 kg−1 VS from grass silage.

CaHbOcNdSe +
(
a− b

4 − c
2 + 3d

4 + e
2

)
H2O→

(
a
2 + b

8 − c
4 − 3d

8 − e
4

)
CH4 +

(
a
2 − b

8 + c
4 + 3d

8 + e
4

)
CO2 + dNH3 + eH2S (1)

Table 4. Physical and chemical properties for dairy cow slurry and grass silage.

Physical Properties Dairy Cow Manure Grass Silage

DS (g kg−1) a 87.5 ± 2.1 c 292.7 ± 3.4 c

VS (g kg−1) b 66.9 ± 1.8 c 87.5 ± 2.1 c

VS DS−1 (%) a b 76.5 c 91.7 c

Carbon (%) 58.62 d 43.3 e

Hydrogen (%) 7.69 d 6.43 e

Oxygen (%) 30.50 d 44.72 e

Nitrogen (%) 2.92 d 2.36 e

Sulphur (%) 0.27 d 0.06 e

a DS is dry solids; b VS is volatile solids; c Characteristics of grass and manure are based on [21]; d Ultimate analysis
of dry and ash free cow manure reported by [41,42]; e Ultimate analysis of grass silage as presented in [45].

The plant simulated consisted of a mesophilic continuously stirred tank reactor (CSTR) with all
biogas produced used in a combined heat and power (CHP) unit. The annual operating time of the
plant was assumed to be 8000 h (91% of the year), allowing for routine maintenance and repair, as
reported in the literature [46–48]. The hydraulic retention time of the plant was 25 days [49]. Based
on the rate of biogas flow, it was possible to size the required CHP unit using Equation (2) [50]. The
CHP unit was assumed to have an electrical efficiency of 30% and a thermal efficiency of 55%, which is
typical for similar sized systems [35,48,51,52].

Berglund and Börjesson [35] reported that the primary power consumption in the operation of
an AD plant is the pumping and stirring of feedstock (7.2 kWh t−1). The net electricity produced
via the CHP unit was first used to meet the electrical demand of the farm, with surplus electricity
exported to the national grid. The energy required to heat and maintain the digester’s temperature
was calculated using Equation (3). The plant’s heat losses (hl) were estimated using Equation (4). The
heat transfer coefficients of the plant’s construction materials correspond to the following: floating
cover (1.0 W m2.◦C); 6 mm steel plate “sandwich” with 100 mm insulation (0.35 W m2.◦C); 300 mm
concrete floor in contact with earth (1.7 W m2.◦C) (Zhang, 2013). Equation (5) describes the energy
required to heat the digester feedstock (q). The operating temperature of the digester was assumed to
be constant at 40 ◦C, with the temperature of the incoming feedstock at 10 ◦C [53].

CHP capacity (kWe) =
Biogas production (m3) × [Calori f ic value o f biogas

(
MJ

Nm3 /3.6
)

Operational f ull load
(

h
yr

) × Electrical e f f iciency (%), (2)

Total heat requirement for the process = hl + q, (3)

hl = U A ΔT, (4)

where hl is heat loss (kJ s−1); U is the overall coefficient of heat transfer (W m−2 K); A is the cross-sectional
area through which heat loss occurs (m2); ΔT is temperature drop across the surface area (◦C).

q = C Q ΔT, (5)
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where q is the energy required for heating feedstock (kJ s−1); C is the specific heat of the feedstock
(kJ kg−1 ◦C−1); Q is the volume to be added (m3); ΔT is the outside and inside temperature
difference (◦C).

2.5. Final use of Energy Produced

The energy produced in the form of electricity and heat via the CHP unit was used in four main
areas. These include: (i) the operation of AD plant; (ii) satisfying the dairy enterprises energy demand;
(iii) exported to the national grid (electricity); (iv) exported to district heating system (thermal energy).
The energy demand of the farm was calculated by using the energy requirements per litre of milk,
as reported in the literature [54]. The average yield of an Irish dairy cow was assumed to be 5000
litres [55]. The thermal energy generated by the CHP unit was understood to displace kerosene, which
is the primary heating fuel on Irish farms [54].

The heat produced that exceeds the needs of the plant and the farm has a number of potential local
applications, such as drying woodchips, use in the horticulture sector, or in local industry. Another
promising option is its use in a district-heating scheme, where heat generated is distributed from a
central location through a network of insulated pipes to nearby residential and commercial energy
users. Although these systems are not common in Ireland, this study has selected this technology
to demonstrate its potential applicability. The study assumed that the thermal energy supplied to
the scheme displaces kerosene, which is commonly used to heat residential homes in Ireland [54].
Equation (6) was used to describe the heat transfer capacity of the pipework utilised, with the
subsequent heat losses calculated using Crane’s methodology [56]. An average distance of 300 m was
assumed between the CHP unit and the residential housing for this study.

Q = π r2 v ΔT C (6)

where Q is heat transfer capacity of pipe (kW); r is internal pipe radius (mm); v is the fluid velocity
(m3 s−1); ΔT is temperature difference between the flow and return (◦C); C is the specific heat of fluid
(kJ kg−1 ◦C−1).

2.6. Environmental Considerations

As depicted in the system boundary (Figure 1), all energy requirements for the operation of the
AD plant were met internally via the CHP engine, where no CO2 emissions were assumed. Surplus
heat was fully used on-site with the understanding that it displaces kerosene, which is a conventional
heating fuel on farms in Ireland [54]. According to Upton [57], the energy output from kerosene is
36.4 MJ l−1, with CO2 related emissions at 0.25 tCO2 MWh−1. All electricity generated that exceeds the
energy demand of the AD plant and farm was exported to the national grid. The subsequent CO2

savings were calculated based on the average emissions produced by the current energy mix of 0.367 t
CO2 MWh−1 [58].

The study accounted for the release of CO2 in the combustion of biogas, at a rate of 83.6 kg GJ−1 [59].
Furthermore, the study included a “do nothing scenario”, which incorporated the GHG emission
savings in comparison to a no AD plant scenario. This included the emissions released from manure
storage and application to land. Calculations follow guidelines from an OECD report, where emissions
during storage are based on 20% potential biogas production over a 2-month period. Emissions from
land application were calculated based on 10% remaining biogas potential [60]. The emission factor of
biogas was calculated to be equivalent to be 11.9 kg CO2 based on global warming potential (GWP) of
28 for methane [61].

2.7. Establishment and Operating Costs

As a new enterprise, establishment costs have to be accounted for within the model. The capital
cost for the AD plant was quantified by compiling the capital costs and associated CHP electrical
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capacity of several SSAD plants (Figure 3). The data gathered gave an estimation of the average
establishment costs for the model. Figure 3 correlates with similar studies [48], seeing a reduction in
capital costs as the capacity of the plant increased.

Figure 3. Establishment cost for farm-scale anaerobic digestion plants. Estimated, based on reports
from [62–69].

The published data available on the running of Irish farm-scale AD plants are quite limited, mainly
due to the relatively low number of plants in operation [16]. Considering these limitations, this study
puts forward a list of annual expenditures to provide an appropriate representation of the Irish context.

• The plants incur an annual maintenance cost of 2.5% of the total capital cost, as reported in the
literature [70].

• Insurance costs are typically 1% of total capital costs, which was observed in the model [71].
• The time required to operate the AD plant is a minimum of 8.5 working hours (net) per kWe

capacity installed [67]. The cost of labour for a staff member in this position is estimated to
be €15 hr−1, which is considered standard in Ireland for this position [67].

Taxes and interest were not considered in the financial assessment of the plants. Taxes are
calculated based upon the company’s total profits or loss; therefore, including taxes would not reflect
the actual revenue generated by the project. Interest was also not considered, as it would give a distorted
representation of the cost of financing, because of its reliance on fluctuations in the financial market.

2.8. Revenue Streams and Financial Indicators

Electricity exported to the national grid is sold according to the Renewable Energy Feed-in Tariff
(REFIT), introduced by the Irish Government in May 2010 [72]. These tariffs were offered for a period
of 15 years with indexation, including a rate of 15.8 c€ kWh−1 for electricity exported from an AD
plant with a CHP capacity of less than or equal to 500 kW. The current Irish REFIT schemes have since
closed as of December 2015. It is presumed that this support will reopen in the coming years with
a new funding round at the same rates for a period of 20 years. Revenue is calculated at the point
that exported electricity enters the national grid, with subsequent transmission and distribution losses
not considered.

Energy used to satisfy the farm’s on-site power demand was based upon Ireland’s business
electricity rates from July to December 2017 [73]. The farm scenarios considered under this study
were compatible with two rates: energy users consuming less than 0.02 GWh yr−1, a purchase
rate of 19.9 c€ kWh−1 applies; for energy users consuming between 0.02 to 0.5 GWh yr−1 a rate of
15.1 c€ kWh−1.
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The thermal energy produced via the CHP engine was understood to displace kerosene heating
oil as a fuel at a cost of 8 c€ l−1 [74]. In addition, the simulated plants take advantage of the “Support
Scheme for Renewable Heat” launched in mid-2019 [75]. The scheme provides a tariff of 2.95 c€ kWh−1

for a period of 15 years for AD plants producing less than 300 MWh yr−1 [75]. Accounting for the cost
of infrastructure, the revenue generated from the sale of thermal energy via the district heating system
was estimated to be €0.03 kWh−1.

The financial indicators used to assess and compare the economic performance of the different
plant scenarios included the net present value (NPV), internal rate of return (IRR), simple payback
period, and discounted payback period. The NPV gives an indication of whether the project is
profitable, taking into account the value of cash flows at different times, as shown in Equation (7). The
IRR is a discount rate that makes the NPV of all cash flows equal to zero. The discount rate indicates
the risk an investor takes in investing in a project. The higher the risk, the larger the discounted rate
expected in compensation. This study used a discount factor of 5% and a project lifespan of 20 years,
which is deemed appropriate for an AD project of this scale as reported in the literature [76–78].
The payback period refers to the number of years it takes to generate enough revenues to pay the
investment back. The discounted payback period makes the same calculation but includes the time
value of money.

NPV =
n∑

t=0

NCFt

(1 + r)t , (7)

where NCFt is the expected net cash flow, t is time and r is the discount rate.
Government supports through capital subvention grants have proven effective in increasing the

deployment of AD plants by significantly lowering establishment costs. Grants of up to 50% have
been adopted in countries such as Sweden, France, Wales and England [68]. This study incorporated a
government subvention grant of 50% to provide an understanding of its implications.

3. Results

3.1. Technical Results

The technical parameters of the SSAD plants under study are presented in Table 5. These
parameters provide an overview of the plant’s operation in terms of feedstock used, plant specifications,
resulting methane yield and application of energy. The cow manure available increased linearly, as it
was directly proportional to the number of livestock on the farm. Interestingly, the farmland available
for biogas production increased by just 35.4% between the smallest and largest farm sizes, showing
that a larger proportion of farmland is potentially available for biogas production in farms with smaller
herd sizes. Consequently, the grass feedstock represented a much larger percentage of total methane
production in Scenario 1 (51%) in comparison to Scenario 5 (23%).
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Table 5. Technical characteristics of scenarios under study.

Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5

Herd Characteristics

Herd size (adult cows) 50 100 150 200 250
Cow manure yield (t FW yr−1) 505 1010 1515 2020 2525

Crop Characteristics

Land available for energy crops (ha) 21.19 24.10 27.00 29.90 32.81
Grass silage yield (t FW yr−1) 941 1070 1199 1328 1457

CHP Specifications

CHP engine power (kWe) 17 26 39 46 55

Methane Yield

Methane yield a (m3 yr−1) 42,316 66,718 91,120 115,521 139,923

Energy Consumption of AD Plant

Electricity consumption (kWh yr−1) 10,414 14,979 19,544 24,109 28,674
Heat consumption (kWh yr−1) 48,225 69,212 90,173 111,117 132,048

Farm Energy Demand

Electricity demand (kWh yr−1) 8125 16,250 24,375 32,500 40,625
Heat demand (kWh yr−1) 2458 4915 7373 9830 12,288

Final Use of Excess Energy

Exported electricity to grid
(kWh yr−1) 102,697 159,917 217,137 274,357 331,577

Equivalent electricity consumption
in residential homes

(Irish homes year−1) b
24.5 38.1 51.7 65.3 78.9

Exported heat to district heating
system (kWh yr−1) 148,193 252,918 357,667 462,434 567,215

Equivalent heat consumption in
residential homes (homes year−1) c 13.5 23.0 32.5 42.0 51.6

a Methane yield utilised by the CHP unit annually; b Electricity consumption of an average residential house
was assumed to be 4200 kWh yr−1 [79]; c Heat consumption of an average residential house was assumed to be
11,000 kWh yr−1 [79].

All scenarios examined exhibited a net energy generation, which was used to supply external
applications, as shown in Figure 4. The farm’s energy demand represented a relatively small portion
of the total energy generated, ranging from 3.08% to 4.66%. The majority of the energy generated was
exported off-site, representing between 73.04% and 79.13% of the total energy generated, demonstrating
the need for external applications at the plants’ planning stage.
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Figure 4. Final electrical and thermal energy usage via the combined heat and power (CHP) unit.
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3.2. Environmental Results

A CO2 balance that fully assesses the CO2 inputs and outputs of the scenarios under investigation
is presented in Table 6. The methodology undertaken was a “cradle-to-grave” approach to provide an
accurate representation of the net CO2- savings for each of the SSAD scenarios per year.

Table 6. Annual CO2 balance for scenarios under study.

Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5

Herd size (adult cows) 50 100 150 200 250

CO2 Produced (kg CO2-eq. yr−1)

Crop Production
Soil ploughing and crumbling 264 300 336 372 408
Sowing and maintenance 300 341 382 423 464
Sowing 90 102 114 126 139
Weed control (fuel) 13 15 17 19 21
Weed control (mineral production) 36 41 46 51 56
Fertiliser spreading (fuel) 381 434 486 538 591
Fertiliser (mineral production) 5013 5699 6386 7073 7760
Feedstock Collection and Transport
Harvest 2665 3030 3395 3760 4125
Harvest transport 1439 1636 1833 2030 2227
Silo compaction 497 565 633 701 769
Digester feeding (Crops) 1331 1513 1695 1878 2060
Collection and digester feeding
(Manure) 92 185 277 370 462

Biogas Production Process
CO2 Content 133,652 210,722 287,722 364,863 441,933
Digestate Disposal
Transport and spreading of digestate 2355 3387 4419 5451 6484
Total CO2 produced 148,127 227,970 307,813 387,656 467,499

CO2 reduction (kg CO2-eq. yr−1)

Do nothing scenario
Manure storage 51,323 102,646 153,970 205,293 256,616
Manure land application 20,529 41,059 61,588 82,117 102,646
Farm Energy Demand
On-farm electricity 2982 5964 8946 11,928 14,909
On-farm heating 614 1229 1843 2458 3072
Final Use of Excess Energy
Electricity exported 37,690 58,689 79,689 100,689 121,689
Heat exported to district heating 37,048 63,229 89,417 115,609 141,804
Total CO2 reduction 150,187 272,816 395,452 518,093 640,736

Net CO2 savings (kg CO2-eq. yr−1) 2059 44,846 87,639 130,437 173,237
Equivalent savings in cars displaced
(cars per year) a 4.36 94.90 185.45 276.01 366.57

a Diesel consumption per car is reported to be 1259 litres yr−1, as reported in the literature [80].

All scenarios investigated exhibited a net CO2 reduction, ranging between 2059–173,237 kg CO2-eq
yr−1. Significant net CO2 savings were shown for each of the scenarios under investigation, even in
the smallest farm size investigated (Scenario 1), with savings of 41,180 kg CO2-eq. over the lifespan
of the plant (equivalent to taking 87 cars off the road). This shows that SSAD can have a meaningful
contribution, even at relatively small sizes. The activity which resulted in the largest production of
CO2 emissions was the “Biogas Production Process”, where the release of CO2 in the combustion of
biogas contributed approximately 90% to 95% of the total CO2 emissions released per annum.

3.3. Economic Results

A comprehensive economic analysis was carried out to investigate the revenues, expenditures, and
financial indicators of each of the scenarios under investigation over a 20-year life span, as illustrated in
Table 7. The results of this analysis showed SSAD plants to be economically feasible and profitable for
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commercial dairy farms with >100 dairy cows. However, the payback periods of farm sizes between
100 and 200 dairy cows were relatively long, which may dissuade potential investors.

Table 7. Economic results of small-scale anaerobic digestion plants over a 20-year lifespan.

Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5

Herd size (adult cows) 50 100 150 200 250

Project Revenues (€)

On-site electricity savings €32,338 €64,675 €73,613 €98,150 €122,688
On-site heating savings €3932 €7864 €11,796 €15,728 €19,660
Sale of exported electricity €323,727 €504,099 €684,472 €864,844 €1,045,216
Sale of exported heat to
district heating €88,916 €151,751 €214,600 €277,461 €340,329

Support Scheme for
Renewable Heat €66,663 €114,091 €161,530 €208,977 €256,430

Total Revenues €515,576 €842,480 €1,146,000 €1,465,159 €1,784,322

Project Expenditures (€)

Investment Costs
Capital Costs Inc. CHP €290,099 €345,479 €400,860 €456,241 €511,622
Operating Costs
Maintenance and Repair Costs
incl. CHP €145,049 €172,740 €200,430 €228,121 €255,811

Insurance €87,030 €103,644 €120,258 €136,872 €153,487
Labour €42,625 €67,204 €91,784 €116,363 €140,943
Total Operating Costs €274,704 €343,588 €412,472 €481,356 €550,241

Financial Indicators

Profit before tax (€) €240,872 €498,892 €733,538 €983,803 €1,234,082
NPV at 5% (€) -€135,418 -€26,758 €67,339 €171,168 €275,006
IRR (%) -2% 4% 7% 9% 11%
Payback period (Years) 25.65 12.87 10.18 8.66 7.75
Discounted payback period
(Years) N/A 24.02 14.56 11.64 10.05

Payback period Incl. capital
grant (Years) 11.03 6.43 5.09 4.33 3.88

Discounted payback period
Incl. capital grant (Years) 16.34 7.96 6.02 5.00 4.42

The largest revenue generators were electricity sold to the national grid and thermal energy
sold to a nearby district heating system (where available). These two applications should be key
considerations in the planning process for any such development considered.

The capital expenditure required decreased significantly as the capacity of the plant increases,
primarily due to the economies of scale that occur. In addition to the economic analysis of the scenarios
under study, this work also explored the adoption of a capital grant subvention in an attempt to
provide a possible political pathway to increase the adoption of SSAD in Ireland. Such subvention has
proven successful in countries such as Sweden, France, Wales and England, where capital grants of up
to 50% have been applied [5]. As shown in Figures 5 and 6, the addition of a 50% capital subvention
grant had a significant impact on the scenarios payback periods, resulting in all scenarios having a
discounted payback period of under 17 years, with herd sizes above 100 cows particularly attractive
with a payback period of under eight years.
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Figure 5. Comparison of discounted payback periods of scenarios.

€300,000

€200,000

€100,000

€0

€100,000

€200,000

€300,000

€400,000

€500,000

€600,000

0 2 4 6 8 10 12 14 16 18 20Pr
of

it
Be

fo
re

Ta
x

(€
)

Payback Period (Years)
Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5

Figure 6. Comparison of discounted payback periods of scenarios (including 50% capital
subvention grant).

4. Discussion

4.1. Financial Significance

The scenarios explored in this work showed SSAD plants to be economically feasible and profitable
for dairy farms with >100 dairy cows. However, due to the study’s boundaries, some costs were not
considered, such as grid connection, civil works, etc. Such considerations are deemed important for the
overall viability and future implementation of SSADs in practice and should be further investigated.

The need for further government supports and financial incentives is still apparent, where the
relatively long payback periods projected may dissuade investors. Incentives available in Ireland,
such as the REFIT scheme, have had a significant economic influence in reducing payback periods.
Although the scheme provided only two tariffs, at a rate of 15.8 c€ kWh−1 for plants with a CHP
capacity up to 500 kW and 13.7 c€ kWh−1 for plants exceeding this capacity [72]. Consequently, this
puts smaller capacity plants at a disadvantage, as they have higher costs due to economies of scale.
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Comparing Irish rates to other EU countries, Germany provides a rate of 23.73 c€ kWh−1 to plants
with a total installed capacity of less than 75 kWe. Likewise, the United Kingdom provides a tariff of
4.50 p£ kWh−1 to plants with a capacity of less than 250 kW. The issue reappears with the recently
introduced Support Scheme for Renewable Heat, which provides a single tariff of 2.95 c€ kWh−1 to all
plants generating less than 1000 MWh yr−1 [75]. To maximise the potential deployment of SSAD plants,
government support schemes need to recognise the additional costs associated with smaller capacity
plants and, therefore, implement policy that counteracts such expenditures.

Based on the literature and the findings of this study, the cost of finance has been the overriding
barrier in the deployment of SSAD plants across Europe [11,63,81]. Issues cited include investors being
uneasy with the technology due to limited case studies, the relative newness of the technology, and a
lack of expertise within financial institutions to assess such plants. A potential government support
explored in this study was the adoption of a capital grant subvention. Such legislation has proven
successful in countries such as Sweden, France, Wales and England, where capital grants of up to 50%
have been applied [68]. As shown in Table 7, the addition of a 50% capital grant subvention reduced
the payback period by 3.88 years to 14.62 years, providing a possible pathway for the Irish government
to support the deployment of SSAD.

Over the next few years, it is anticipated that the capital and operational costs of such plants will
reduce dramatically. This is based on the most recent technological advancements, where a growing
emphasis on smaller capacity plants has led to cost reductions, primarily through the development of
modular systems and plug and play design. Several companies are in the testing phase or have fully
commercialised such systems in the European market place, with a wide variety of technologies at
various sizes now in development [82–87].

4.2. Environmental Outlook

From an environmental perspective, all scenarios examined exhibited a net CO2 reduction ranging
between 2 and 173 tonnes CO2-eq. per year (Table 6). If the widespread deployment of SSAD were to
occur in Ireland, a CO2 reduction of at least 211,349 tonnes could be achieved if 20% of all farms with
>250 dairy cows (61 farm holdings) were to implement the technology [27]. Ireland’s expected failure
to meet its EU 2020 commitments will put further pressure on the state to undertake a climate action
policy, due to the compensation (in the form of carbon credits) it will be forced to pay [88]. In addition,
the state has also committed itself to at least a 40% reduction in GHG emissions by 2030, resulting in a
need for long-term climate action policy [89].

4.3. Comparison to Other Studies

Although this study reports on a specific case study, the results are relevant worldwide, especially
those with significant livestock and agricultural productivities. In the literature, some studies have
investigated the economics of implementing AD plants on small- to medium-sized farms in various
countries and regions [68,90–92]. The overriding theme has been that the financial viability of a plant
often needs to be assessed on a case-by-case bases as it is often highly dependent on local conditions,
such as cost of energy, feedstock type and availability, and government incentives. Therefore, careful
consideration of such variables needs to be taken at the project planning stages.

SSAD has increasingly become a topic of interest for researchers, mainly driven by the growing
emphasis to reduce the negative environmental impact of agriculture waste streams and increasing
investment in renewable energy production. Research trends in the topic have included the
optimisation of plant design and operations [93–95], feedstock pre-treatments [95–97], the impact of
trace compounds [98–100], and biogas cleaning technologies, and its integration to afford further energy
generation [101–103]. Further research could expand the potential integration of these technologies
with small-scale AD systems, and make its implementation more likely.
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4.4. Irelands Future Outlook

Irelands national herd size has grown significantly in the past five years from 1,082,500 dairy cows
in 2013 to 1,369,100 in 2018 (+21%) [20,104]. Much of the recent growth has stemmed from the removal
of the European-wide milk production quotas in 2015, which saw milk output increase by 8% and 9%
in 2016 and 2017, respectively [105]. Growing herd sizes allows SSAD plants to become more feasible
because of economies of scale, as shown in Table 7.

The sector is projected to grow further due to Teagasc (the government’s semi-state advisory
authority) targeting a national herd increase of 19% by 2025 in comparison to 2018 [20,106]. When
considering these targets, it is anticipated that the average national farm herd will exceed 100 dairy
cows by 2025. The argument for the applicability of SSAD continues to deepen not only for the potential
economic benefits but also for its capacity to mitigate GHG emissions.

5. Conclusions

Over the coming years, it is anticipated that the Irish government will come under increased
pressure to enact measures to mitigate the negative environmental impact of the agricultural sector.
This will be further heightened by the targeted growth of the dairy sector, increasing to 1.7 million
dairy cows by 2025, with the average herd size growing to over 100 cows [106]. Of the renewable
energy technologies available, SSAD is particularly promising for both the reduction of GHG emissions
and the economic value in the form of on-site energy generation. This study uses a non-linear model to
determine the technical, environmental, and economic viability of SSAD on Irish dairy farms ranging
from 50 to 250 dairy cows. The study found the technology to be profitable within the lifespan of
the plant on farms with dairy herds exceeding 100 cows (payback periods of 12.87 to 7.75 years). In
addition, all scenarios with dairy herds sizes >100 cows showed a net CO2 reduction ranging between
2059 and 173,237 kg CO2-eq. yr−1.

Although SSAD plants were shown to be viable, significant government supports are still needed
to achieve financial returns that are attractive to investors. One support explored in this study was the
inclusion of a capital subvention grant at rates similar to schemes in other EU countries. Incorporating
the result had a significant economic impact, reducing payback periods by 3.88 years to 14.62 years.
Furthermore, there is a need for the reintroduction of an electricity feed-in tariff applicable to SSAD
plants. Without such a mechanism, the size of plants is limited to the electrical demand of local
applications, significantly limiting expansion and financial returns. Both measures provide potential
pathways for the government to support and accelerate a domestic biogas industry.

For future research, we suggest the analysis of the seasonal feedstock supply, parasitic energy
consumption and net energy production variabilities experienced by farm-scale AD plants. Such
seasonal variabilities can negatively affect the sustained operability and economic viability of plants as
they often have contractual obligations to provide a consistent energy output year-round with minimum
variations in the quantities and quality of energy produced. In addition, a greater understanding of
Irish farmer’s perception of AD is needed. Key information essential to the long-term success of AD in
Ireland is still lacking in the literature, such as characteristics of potential adaptors, uptake rates, and
perceived barriers.
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Abstract: Given the environmental footprints of the conventional agriculture, it is imperative to test
and validate alternative production systems, with lower environmental impacts to mitigate and adapt
our production systems. In this study, we identified six production systems, four in Italy and two
in Denmark, to assess the environmental footprint for comparison among the production systems
and additionally with conventional production systems. SimaPro 8.4 software was used to carry out
the life cycle impact assessment. Among other indicators, three significantly important indicators,
namely global warming potential, acidification, and eutrophication, were used as the proxy for life
cycle impact assessment. In Italy, the production systems compared were silvopastoral, organic,
traditional, and conventional olive production systems, whereas in Denmark, combined food and
energy production system was compared with the conventional wheat production system. Among
the six production systems, conventional wheat production system in Denmark accounted for highest
global warming potential, acidification, and eutrophication. In Italy, global warming potential was
highest in traditional agroforestry and lowest in the silvopastoral system whereas acidification and
eutrophication were lowest in the traditional production system with high acidification effects from
the silvopastoral system. In Italy, machinery use contributed the highest greenhouse gas emissions
in silvopastoral and organic production systems, while the large contribution to greenhouse gas
emissions from fertilizer was recorded in the traditional and conventional production systems. In
Denmark, the combined food and energy system had lower environmental impacts compared to
the conventional wheat production system according to the three indicators. For both systems
in Denmark, the main contribution to greenhouse gas emission was due to fertilizer and manure
application. The study showed that integrated food and non-food systems are more environmentally
friendly and less polluting compared to the conventional wheat production system in Denmark with
use of chemical fertilizers and irrigation. The study can contribute to informed decision making by
the land managers and policy makers for promotion of environmentally friendly food and non-food
production practices, to meet the European Union targets of providing biomass-based materials and
energy to contribute to the bio-based economy in Europe and beyond.

Keywords: life cycle assessment; agroforestry; conventional wheat; olive trees; silvopastoral; global
warming potential; acidification; eutrophication
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1. Introduction

Due to the adverse impacts of the conventional arable production system on the environment,
alternative production systems are required to maintain the multifunctional landscape of producing
food, fodder, and energy. Agroforestry is one such alternative where crops and trees are integrated,
in one field to produce a diversity of food, fodder, and bioenergy products and to mitigate and adapt to
climate change. The Food and Agriculture Organization of the United Nations (FAO) have recognized
the benefits of agroforestry systems to provide environmental, economic, and social benefits. FAO
defines agroforestry systems to “include both traditional and modern land-use systems where trees are
managed together with crops and/or animal production systems in agricultural settings” [1]. The term
agroforestry thereby covers a range of production systems from natural grassland systems to intensively
managed systems and so, the extent of agroforestry systems is difficult to estimate [2]. In spite of being
common practice in tropical countries, the extent of agroforestry in Europe is rather limited [3] due to
the intensification of farming systems, lack of integration of forest tress and agricultural land, and the
absence of current adequate policies to promote agroforestry practices. Intensive farming has improved
production with use of external inputs but has created many environmental concerns including loss of
soil fertility and soil degradation [4]. In contrast, agroforestry with woody components can improve
resource use in the aboveground and belowground to achieve ecological intensification.

Agroforestry is increasingly recognized as productive and environmentally friendly practice due
to multifunctional roles in agronomic productivity and environmental performance of agroforestry
systems. This calls for a quantitative assessment of environmental footprint in agroforestry systems.
Life cycle assessment (LCA) is a robust tool for quantitative assessment of environmental footprint by
taking account of the management inputs for comparison between production systems. Due to the
diversity of agroforestry systems in Europe, environmental footprint of a specific agroforestry system
under a particular environment can be very different depending on the inputs and the management
intensity. In order to investigate the diverse agroforestry production systems in the study, Denmark was
identified to represent Atlantic environmental zone and Italy was identified to represent Mediterranean
environmental zone, representing two diverse environmental zones, for assessment of environmental
footprints under different socioeconomic contexts.

Agroforestry systems in each country were identified as potential alternative production practice
for comparison to the conventional arable crop production system. In Denmark, agriculture constitutes
72.6% of the land cover covering an area of 2,625,093 ha, while forestry covered only 9.5% in 2016 [5].
The integration of short rotation woody crops like willow and poplar into the arable fields (agroforestry)
can contribute to microclimate effects like reduction of wind speed, reduced erosion [6], and mitigate
nutrient leaching for protection of water quality [7] for sustainable production of food, fodder,
and bioenergy.

In Italy, olive is one of the priority crops. Olive trees constitute the second most widespread crop,
covering an area of 1,165,562 ha. It is the sixth most widespread crop in terms of production in Italy
ranking third after Spain and Greece, the biggest producers of olives on a worldwide scale. Italy’s
share in global production was 10.9% (2,092,175 tonnes) in 2016 [8]. Olive orchards integrated with
cereals are common agroforestry systems in the Mediterranean area to improve nutrient cycling and
erosion control [9]. Hence, agroforestry systems play a significant role in production of olives and
assessment of environmental footprint for comparison among the different management systems is
necessary to identify the gaps in management for improvement.

LCA can be used to quantify the different environmental impacts of the olive production
system to identify the management gaps in a production system [10–12]. LCA studies show that
mineral fertilization contributes most to environmental impacts [13,14]. Irrigation also contributes
considerably [12] for production of olive and irrigation is necessary for olive cultivation in the
Mediterranean environmental zone. In Denmark, organic crop production and conventional production
systems have carbon footprints of 2920 and 4474 kg CO2-eq ha−1 yr−1, respectively [15] whereas such
carbon footprint assessments are lacking in Danish agroforestry systems.
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The objective of the study was to carry out comparative LCA of four agroforestry systems
with olive production in Italy and two production systems, specifically one agroforestry and one
conventional wheat production system, in Denmark. Comparisons of environmental footprints were
carried out among the production systems within the country and between Italy and Denmark.

2. Method

2.1. Study Site

The case studies are four agroforestry systems in Italy and two systems, specifically one agroforestry
and one conventional wheat production system, in Denmark. The four agroforestry systems are olive
trees under (i) silvopastoral agroforestry, (ii) organic agroforestry, (iii) traditional agroforestry, and
(iv) conventional olive system, located in Orvieto in the Umbria region in Italy. The two production
systems in Denmark are (v) a combined food and energy agroforestry system and (vi) a conventional
wheat production system in Denmark.

The four production systems in Italy have olive trees as one of the components, while management
and inputs differ among the systems depending on the production system as described below:

(i) Silvopastoral agroforestry system consists of 135 trees in 1.0 ha. Olive production is 3.6 t ha−1,
and natural grass pasture is present between the olive trees. A total of 177 sheep graze the pasture
for 150 days a year, producing 0.33 kg dung in dry matter and 2.9 kg urine per day per sheep, with
fertilization effects on the grass pasture. The trees were planted in 1956. While no synthetic fertilizer
was used, biological copper was applied at 1.7 kg ha−1 [16].

(ii) Organic agroforestry system covered an area of 4.5 ha. The system has 200 trees ha−1 and olive
yield is 2.2 t ha−1. Naturally growing grass are present in between the trees, fertilizer application is
4.0 t ha−1 cow manure in dry matter, and no pesticides were used [16].

(iii) In traditional agroforestry, olive trees were planted in 1982. The yield is 7.05 t ha−1 olives
with tree density of 529 trees ha−1. The cultivation area was drip-irrigated and fertilized with olive
prunings and olive pomace. Glyphosate was applied to control weeds [16].

(iv) Conventional olive system has planting density of 250–400 olive trees ha−1 with irrigation
facility and practice mechanized harvesting of olives. The olive trees are fertilized with nitrogen
(90–150 kg ha−1), phosphorus (20–30 kg ha−1), and potassium (70–120 kg ha−1). Olive yield is estimated
to be 4.5 t ha−1 with 300 trees ha−1 [17,18].

In Denmark, two production systems, namely a combined food and energy production agroforestry
system and a conventional wheat production system, were investigated and the descriptions of the
system are provided below:

(v) The combined food and energy system covers an area of 11.1 ha, of which 10.1 ha is cropped
with barley, wheat, and clover in a four-year crop rotation and 1.0 ha of biofuel crops (mix of willow,
hazelnut, and alder). The biofuel crops consist of four shelterbelts of short rotation woody crops,
spatially placed at 50, 100, 150, and 200 m, forming alleys for the food and fodder crop production.
The production yields were 5430 kg wheat ha−1, 3750 barley kg ha−1, 6700 kg clover ha−1, and 4078 kg
woodchips ha−1 annually [19,20].

(vi) Conventional wheat production systems relate to winter wheat production, which is sown
in September or October and harvested the following year in August. A total of 50% of nitrogen
(95 kg ha−1), potassium (20 kg ha−1), and phosphorus (60 kg ha−1) is applied at the time of sowing and
the remaining 50% of the nitrogen (95 kg ha−1) is applied in the spring. Fungicides and herbicides are
applied as per the standard practice at the experimental farm in Taastrup in Denmark. The details
of the management and crop production are available from another study at the same experimental
farm [19].
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2.2. Data Collection

In Italy, the collection of data on each production system was obtained through interviews and
surveys. A detailed interview was conducted with the respective farm mangers to obtain initial
information on cultivation and management practices at each farm (Figure 1). Information on the
description of the production systems, inputs used, and the management practices were gathered from
the managers of the respective farms. Data was collected on animal and plant production, seed use,
use of fertilizer or plant protection products, field size, irrigation, machinery use, and if any recent
changes have been made to the farm practice within the past five years.

Figure 1. General flow diagram of olive production systems in Italy.

In Italy, three olive-based agroforestry systems were compared with a conventional olive
production system in Italy, with a yield of 4300 kg ha−1 described in detail in the Ecoinvent database
3.3 [21]. The Ecoinvent database is the world’s leading life cycle inventory (LCI) database, which
provides well-documented data for thousands of products including agricultural processes.

In Denmark, input and production data were taken for the conventional wheat production system
and combined food and energy system in Denmark from a previous study on the system [19]. Data
collected included yields, field size, seed use, use of fertilizer or plant protection products, irrigation,
machinery use, field preparation and, if any, recent changes made to the farm practice within the past
five years (Figure 2). The combined food and energy system was compared with conventional wheat
production system with a yield of 7341 kg wheat ha−1 and application of fertilizer, pesticides, and
herbicides according to Danish standard practice as per the description provided under the study sites.
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Figure 2. General flow diagram for the combined food and energy production system in Denmark.

2.3. Life Cycle Analysis

There is not one strictly defined methodology for conducting LCA analyses for agricultural
production. However, according to the principles set out in ISO PN-EN 14040 [22], the full analysis
should include the four phases of PN-EN ISO 14040 (goal and scope definition), PN-EN ISO 14041
(LCI-life cycle inventory), PN-EN ISO 14042 (LCIA-life cycle impact assessment), and PN-EN ISO
14043 (life cycle interpretation). The LCIA is the phase in which the environmental impact assessment
(e.g., land use) of the products applies. Data obtained in the previous LCI phase were transformed into
impact category indicators. This was done by selecting the impact category and impact indicators,
assigning LCI results, and calculating the category indicator values. According to the methodology
developed by the Society of Environmental and Chemical Sciences (SETAC), 14 environmental impact
categories were taken into account in LCA, of which three were considered in this study, namely, global
warming potential (GWP), acidification, and eutrophication.

LCA was done by applying SimaPro 8.4 software [23]. To calculate the emissions of inputs
production for the Italian agroforestry systems, the Ecoinvent database 3.3 was used. Dinitrogen
monoxide (N2O), ammonia (NH3), and nitric oxide (NO) were modelled based on methodology
described in [24]. N2O follows IPPC guidelines [25] Tier 1 for animal production and Tier 1 for
crop production. NH3 calculations were based on emission factors for NH3, based on application of
mineral N fertilizer and as a function of soil pH. NO is relatively of low importance compared to other
sources, for that reason, simple emission factors were used [26]. Carbon dioxide (CO2) emissions after
urea or lime application were calculated based on the factor (1.57 kg CO2/kg Urea-N10 for urea and
44 kg CO2/kg limestone or 48 kg CO2/kg dolomite [26]. Irrigation quantity was calculated based on
Methodological Guidelines for the Life Cycle Inventory of Agricultural Product [26] as consumed water
for yield production (m3 t−1). The emissions related to pesticide use were not included due to low
influence on calculated environmental impacts. The impacts of GWP, acidification, and eutrophication
were calculated using the CML method [27]. The system boundary was cradle to olive farm gate,
i.e., from the extraction of raw materials to the farm gate until the olives were harvested. For the
Danish farm, the direct NO2-N and indirect NO2 emissions were calculated based on IPCC 2006
methodology [25], while the ReCiPe method [28] was applied to calculate the potential of GWP,
acidification, and eutrophication. Due to the agroforestry systems producing different crops, the yields
are not directly comparable. Hence, the yields were converted to monetary values based on the prices
indicated: 0.49 $ kg−1 wheat, 0.45 $ kg−1 barley, 0.16 $ kg−1 clover, and 0.14 $ kg−1 woodchips [19].
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3. Results

The estimated greenhouse gas (GHG) emissions from fertilizer and irrigation inputs are displayed
in Table 1. The results showed that the main GHG emissions from the silvopastoral system was nitric
oxide and ammonia, and from the organic systems, it was mainly nitric oxide. The main contribution
of the traditional agroforestry system was CO2 and the largest emission was from irrigation, which
was only applied in the traditional agroforestry production system.

Table 1. Estimations of estimated greenhouse gas (GHG) emissions from four agroforestry systems in
Italy and two production systems in Denmark. CFE: combined food and energy system.

Agricultural
Practice

On Field
Emissions

Methodology Unit

Italy Denmark

Silvo-
Pastoral

Organic
Tradi-
Tional

Conven-
Tional

CFE
Conven-
Tional

Fertilization

N2O EEA/EMEP
(2013)

g kg−1 0.00 0.50 0.31 0.4

CO2 Nemecek
(2014)

g kg−1 0.00 0.00 31.18 5

NH3 EEA/EMEP
(2013)

g kg−1 8.92 0.00 1.03 3

NO EEA/EMEP
(2013)

g kg−1 12.35 34.20 0.24 0.7

Chemical N kg ha−1 0.00 190.00
Manure N kg ha−1 16.00 35.20

Crop residues N kg ha−1 0.00 0.00
Direct NO2-N N2O IPCC 2006 kg ha−1 0.25 3.54

Indirect (VOL.)
NO2-N N2O

IPCC 2006 kg ha−1 0.05 0.41

Indirect (leaching)
NO2-N N2O

IPCC 2006 kg ha−1 0.06 0.80

Irrigation H2O Nemecek
(2014) m3 0.00 0.00 0.14

In the combined food and energy production system in Denmark, GHG emissions emanated
mainly from nitrogen (N) from the applied manure, with a small contribution from direct NO2-N
dinitrogen monoxide (N2O). Much larger GHG contributions were recorded for conventional wheat
production systems due to chemical fertilizer application.

The production system impacts on the environment are displayed in Table 2. In Italy, the
highest global warming potential (GWP) was contributed by the traditional production systems, while
silvopastoral systems exhibited the lowest GWP. The highest acidification and eutrophication effects
originated in the silvopastoral system, whereas the lowest effects were recorded in the traditional
system. In Denmark, GWP, acidification, and eutrophication were higher in the conventional wheat
system than the combined food and energy system.

Table 2. Environmental impacts of the production systems. Greenhouse gas emissions from the Italian
production systems are provided per weight (kg) of olive yield, while the unit of income ($) is used for
the Danish production systems. GWP: global warming potential (GWP100a).

Impact
Category

Unit

Italy Denmark

Silvo-
Pastoral

Organic
Tradi-
Tional

Conventional
Orchard

Combined
Food and

Energy

Conventional
Wheat
System

GWP kg CO2-eq. kg−1 yr−1 0.166 0.266 0.655 0.388 0.615 4.922
Acidification kg SO2-eq. kg−1 yr−1 0.022 0.018 0.007 0.008 1.290 6.844
Eutrophication kg PO4-eq. kg−1 yr−1 0.005 0.005 0.002 0.004 2.957 20.446

Evident from Figure 3, the conventional and tradition production systems in Italy exhibited the
highest adverse impacts on the environment due to fertilization. Silvopastoral and organic systems
emissions mainly emanated from machinery use. GHG emissions due to orchard establishment were
high on acidification and eutrophication impact categories in the silvopastoral system.
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Figure 3. Percentage contribution from fertilizer, machinery use, irrigation, and orchard establishment on
environmental impacts categories of global warming potential (GWP), acidification, and eutrophication
for four Italian production systems.

Figure 4 shows that the application of fertilizer and manure had the greatest GHG emission
contribution on GWP, acidification, and eutrophication for the conventional wheat and the combined
food and energy system in Denmark. The second largest contributor to the GWP comes from
machinery use, while seeding operation resulted in the second highest contribution to acidification
and eutrophication in both production systems.

Figure 4. Percentage contribution from fertilizer, machinery use, and seeding on the environmental
impact categories of global warming potential (GWP), acidification, and eutrophication for agroforestry
and conventional production systems in Denmark.
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The income from the diversity of produce in the combined food and energy systems in Denmark
is presented in Table 3. Clover contributed to 49.1% of the total income, followed by wheat (30.5%) and
barley (19.3%). The sale of willow woodchips amounted to only 1% of the total income.

Table 3. Income from the produce in the conventional wheat and combined food and energy production
systems in Denmark.

Crop Unit Combined Food and Energy Conventional Share of Crop at Farm

Wheat $ farm−1 16,975.07 30.5
Barley $ farm−1 10,760.29 19.3
clover $ farm−1 27,342.72 49.1
Willow $ farm−1 570.89 1.0
Wheat $ farm−1 39,028.43 100.0
Total $ farm−1 55,648.96 39,028.43

The environmental impacts of the two production systems in Denmark were estimated based on
the income from each production system (Table 4). The combined food and energy system had a lower
GWP, acidification, and eutrophication impact compared to the conventional wheat production system.

Table 4. Environmental impacts of the conventional wheat and combined food and energy production
systems in Denmark. GWP: global warming potential (GWP100a).

Impact Category Unit Combined Food and Energy Conventional

GWP g CO2-eq. $−1 yr−1 123.89 1413.80
Acidification g SO2-eq. $−1 yr−1 0.80 6.03
Eutrophication g PO4-eq. $−1 yr−1 0.02 0.22

From the yield ha −1 (kg ha−1) and area (ha) for each of the Italian production systems, and
from the income per farm ($ farm−1), yield per area and price of wheat (0.49 $ kg−1) for the Danish
production systems, the GHG emission ha−1 (Table 5) was calculated based on the results presented in
Table 2.

Table 5. GHG emissions ha−1 in production systems in Italy and Denmark. CFE: combined food and
energy system.

Impact
Category

Unit

Italy Denmark

Silvo-
Pastoral

Organic
Tradi-
Tional

Conven-
Tional

CFE
Conven-
Tional

GWP kg CO2-eq. ha−1 yr−1 606 585 4615 1669 3083 17,705
Acidification kg SO2-eq. ha−1 yr−1 78 39 49 33 6467 24,618
Eutrophication kg PO4-eq. ha−1 yr−1 18 11 16 18 14,825 73,618
Yield ha−1 kg ha−1 3640 2200 7050 4300 7341
Income ha−1 $ ha−1 5013 3597
Area ha 1.0 4.5 8.5 11.1

4. Discussion

The comparison between specific types of production systems in two diverse environmental
zones is challenging and cumbersome due to the differences in climate, soil, and management. Hence,
a simple way to gain an initial overview of the environmental impacts of the studied production
systems are presented in Table 5, with GHG emissions calculated per hectare. The data showed that
the conventional wheat production system had the largest environmental impact ha−1 compared to
other studied production systems in Denmark and Italy.

The environmental impacts of the six productions systems were calculated, based on three
indicators of GWP, acidification, and eutrophication. Machinery use contributed the highest GHG
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contribution in the silvopastoral and organic production systems whereas fertilizer contributed the
largest GHG in the traditional and conventional production systems in Italy.

The comparison of results with other studies was not straightforward as the farming systems
and system boundaries varied between studies [10,11,14]. For Italy, the highest GWP calculated for
the traditional farming system (Table 2) was mainly attributed to fertilizer (0.15 kg CO2-eq.) and
irrigation (0.13 kg CO2-eq.). Romero-Gamez et al. [14] related this with CO2 and NO2 emissions to air
caused by the manufacture and application of fertilizers to the cropping systems. In the present study,
CO2 and N2O from fertilizer and machinery use were significant contributors to GHG emissions in
the production systems. Romero-Gamez et al. [14] found that acidification was dominated by NH3
emissions to the air and those emissions were allocated to fertilizer production, in similarity to the
present study, finding that fertilization and machinery use related to NH3 and NO had the highest
impact on acidification.

Due to the diversity of products from the combined food and energy system, the environmental
impacts were calculated based on the income from the two types of production systems in Denmark.
Thus, acidification was found to be more than seven times higher for the conventional wheat production
system in comparison to the combined food and energy system (Table 2) with the main impact from
fertilizer related to NH3 and NO (Table 1). Likewise, the eutrophication and GWP in the conventional
wheat system was 11.0 and 11.4 times higher, respectively, compared to the combined food and energy
system, mainly caused by fertilizer use (Table 4). The study by Nemecek et al. [15] found increased
environmental impacts by conventional production practice compared to organic agricultural practices
by 1.5 times for GWP (4474 vs. 2920 kg CO2-eq. ha−1 yr−1), 1.4 times for acidification (88 vs. 61 kg
SO2-eq. ha−1 yr−1), and 1.4 times for eutrophication (123 vs. 88 kg N-eq. ha−1 yr−1). This supports
the present study’s findings of less environmental impacts from practices with reduced application
of fertilizers and pesticides. While the GWP for the combined food and energy system is of similar
magnitude to the organic system in Nemecek et al. [15], the GWP of the Swiss conventional wheat
production system was much higher than the conventional wheat production system in the present
study. Likewise, Knudsen et al. [29] found low GWP values of 2032-2599 kg CO2-eq. ha−1 yr−1 for
conventional wheat production system in Denmark in a four-year barley, potatoes, and winter wheat
crop rotation including one year of either faba beans or grass-clover.

5. Conclusions

Among the six production systems, the conventional wheat production system in Denmark
accounted for highest global warming potential, acidification, and eutrophication. In Italy, global
warming potential was highest in traditional agroforestry and lowest in the silvopastoral system
whereas acidification and eutrophication was lowest in the traditional production system with high
acidification effects from the silvopastoral system. In Italy, machinery use contributed the highest
greenhouse gas emissions in silvopastoral and organic production systems, while the large contribution
to greenhouse gas emissions from fertilizer was recorded in the traditional and conventional production
systems. In Denmark, the combined food and energy system was found to have lower environmental
impacts compared to the conventional wheat production system according to the three indicators. For
both systems in Denmark, the main contribution to greenhouse gas emission was due to fertilizer and
manure application. Thus, the study demonstrated that the environmental footprint is dependent on
the management intensity of the production system. The field-based evidence from the study can
contribute to informed decision making by the land managers and policy makers for promotion of
environmentally friendly food and non-food production practices to meet the European Union targets
of providing biomass-based materials and energy for bio-based economy in Europe and beyond.
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Abstract: Over 640 million people in Africa are expected to rely on solid-fuels for cooking by 2040.
In Western Kenya, cooking inefficiently persists as a major cause of burden of disease due to household
air pollution. Efficient biomass cooking is a local-based renewable energy solution to address this
issue. The Life-Cycle Assessment tool Simapro 8.5 is applied for analyzing the environmental impact
of four biomass cooking strategies for the Kisumu County, with analysis based on a previous energy
modelling study, and literature and background data from the Ecoinvent and Agrifootprint databases
applied to the region. A Business-As-Usual scenario (BAU) considers the trends in energy use until
2035. Transition scenarios to Improved Cookstoves (ICS), Pellet-fired Gasifier Stoves (PGS) and
Biogas Stoves (BGS) consider the transition to wood-logs, biomass pellets and biogas, respectively.
An Integrated (INT) scenario evaluates a mix of the ICS, PGS and BGS. In the BGS, the available
biomass waste is sufficient to be upcycled and fulfill cooking demands by 2035. This scenario has the
lowest impact on all impact categories analyzed followed by the PGS and INT. Further work should
address a detailed socio-economic analysis of the analyzed scenarios.

Keywords: agroforestry; waste valorization; sustainable development goals; renewable energy;
bioenergy transitions; circular bioeconomy; clean cooking; life-cycle assessment; energy policy

1. Introduction

It is estimated that over 40% of the world’s population is currently relying on solid-fuels for
cooking and heating [1]. According to the World Health Organization (WHO), the inefficient utilization
of biomass and coal for these purposes constitutes today’s largest global environmental health risk [2,3].
Worldwide, over 4 million deaths occur per year from illnesses related to the smoke from solid-fuel
combustion indoors, which mainly affects women and children [4,5]. In developing countries, wood
and charcoal continue to play a vital role in meeting household energy demands, where it remains easily
accessible and affordable [6–8]. Thus, the transition to cleaner cooking fuels in advanced cookstoves
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constitutes an important way to address several of the 17 Sustainable Development Goals (SDGs) [9,10],
contributing to address at least five of the SDGs, including the: (1) Good health and well-being (SDG
3); (2) Gender equality (SDG 5); (3) Affordable and clean energy (SDG 7); (4) Climate action (SDG 13);
and (5) Life on land (SDG 15).

In Sub-Saharan Africa (SSA), only 35% of the population have access to electricity and 80% of the
people rely on traditional firewood, charcoal, animal dung and agricultural residues for cooking [11,12].
Negative environmental impacts such as global warming due to the emission of carbon dioxide (CO2),
nitrous oxide (N2O) and methane (CH4), eutrophication related with the emission of nitrogen oxides
(NOx) and N2O, acidification associated with the emission of sulphur dioxide (SO2) and NOx, and
toxicological effects on humans related with the emission of NOx and particulate matter (PM) are
potentially intensified by traditional cooking. In Kenya, the cooking sector emissions are driven by
rapid population and economic growth [13], and household air pollution (HAP) causes 15,600 deaths
with direct impacts on the health of around 15 million people [14–17].

In the Kenyan context, the transition to advanced cookstoves using upgraded biomass fuels
(e.g., wood pellets and biogas) produced via renewable energy strategies constitutes a relevant way to
mitigate HAP. Such locally produced biofuels based on waste valorization and agroforestry strategies
have a great potential to enhance land restoration and livelihoods, as agroforestry is a powerful tool to
enhance multiple ecosystem services [18]. Famers in Kenya are responsible for producing a substantial
part of the food consumed in the region. In this context, an integrated management of crop-residues at
the farm scale can tackle challenges of food security, poverty and climate change [18,19]. Furthermore,
the utilization of crop-residues remains an opportunity for sustainable bioenergy production in rural
and peri-urban communities [20]. In such a perspective, the Kenyan government has worked on
designing proper strategies towards the deployment of efficient bioenergy systems [21,22], including
the use of both agricultural crop [23] and industrial biomass residues [21] for the production of biogas
and densified biomass fuels. The Kenya Country Action Plan (CAP) for Clean Cookstoves and Fuels
has established a target to promote the installation of cleaner cookstoves in 5 million households by
2020 [24]. With a thermal efficiency over two times higher than that achieved by improved cookstoves
using wood-logs and sticks [25,26], advanced biomass cooking solutions such as micro-gasifier and
biogas cookstoves can be key in technologies to address such clean cooking systems.

Despite the existing initiatives, there is currently a knowledge gap on how to design sustainable
cooking strategies in the context of emerging circular bioeconomies. Few studies have analyzed the
life-cycle environmental impact of integrated biomass fuel/cookstove strategies on the mitigation of
HAP at the sub-national level. Various studies have been analyzed the impact of different energy
transition options [8,27,28]. In Western Kenya, Carvalho et al. [26] have applied the Long-Range
Energy Alternative Planning (LEAP) software to analyze the energy savings and emissions caused by
distinct bioenergy strategies on HAP in Kisumu County. The study was applied for the time span
between 2015 and 2035, showing part of the environmental benefits of such strategies. Although the
previous energy modelling study [26] shows the HAP mitigation potential at the sub-national level,
there is currently a limited number of studies assessing the overall environmental performance of these
transitions in a life-cycle assessment (LCA) perspective.

As defined by the International Standard Organization (ISO) in the ISO 14040 [29], LCA is a
technique used to quantify the environmental impacts of a product system like a cooking fuel over its
whole life cycle, from raw material acquisition through production, use, end of life, treatment, recycling,
and disposal [29]. A previous LCA study conducted in Kenya observed that biogas from animal
dung and ethanol from wood as cooking fuels had the best environmental performance in almost all
environmental impact categories while charcoal briquettes from wood exhibited poor environmental
performance due to emissions resulting from kiln operation [30]. Okoko et al. [31] confirmed the
higher carbon footprint of unimproved charcoal value-chain in relation to alternative biomass energy
solutions for cooking in Kenya and Tanzania. Lansche and Müller performed a comparative LCA
on traditional biomass and biogas household cooking systems in Ethiopia, demonstrating the high
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potential for environmental improvements when adopting biogas systems. Although the previous
LCA studies analyzed the environmental impacts of alternative cooking value-chains in a certain static
moment in time, they did not include a LCA considering regional energy forecasts, i.e., a dynamic
LCA approach [32]. The dynamic LCA method can be applied to analyze environmental impacts in
different time spans. Pehnt [33], for instance, considered the time-variation of electricity mix in the
assessment of GHGs and acidification impacts. García-Gusano et al. [34] combined energy forecasts
using LEAP with a dynamic LCA approach to evaluate the effects of various coal power plant retrofits
over time. Although various dynamic LCA studies conducted, there is currently a lack of approaches
dedicated to analyzing household energy transitions in the developing region context.

In the present research, a dynamic LCA based data provided by a previous energy forecast
study [26] is conducted to determine the environmental sustainability of emerging biomass cooking
strategies in the Kisumu County (Western Kenya). Although most biomass cookstoves have not
progressed to the point that they are equivalent to Liquefied Petroleum Gas in terms of efficiency
and cleanliness in the household indoor environments [35], this study is confined to evaluate the
advances in the local use of biomass resources in the context of renewable energy and bioeconomy
transitions. WIth this background, the present work constitutes not only an LCA of alternate biomass
value-chains, but also a methodological development in the integration of LEAP/LCA tools for the
analysis of the environmental sustainability of distinct energy policies. Despite the fact that several
studies have conducted life-cycle analysis of products and systems at the country [34,36] and city
levels [37,38], few have combined integrated energy models with LCA to evaluate the environmental
impact of energy policy scenarios at the sub-national level. The Kisumu County in Western Kenya
was selected for the case study as it presents a large availability of endogenous biomass resources,
including agricultural and industrial residues that can potentially be used for the production of cooking
biofuels. The region presents an important area of fertile agricultural land that may serve for the
establishment of local-based agroforestry systems [39,40], which can be used to produce wood fuel in a
more sustainable and resilient manner.

2. Materials and Methods

The present study is focused on analyzing the environmental performance of four bioenergy
transition strategies for household cooking in the Kisumu County (Kenya), considering the importance
of biomass local resources for addressing the resilience of communities in the developing country
context. The study uses some of the results from a previous energy modelling study [26] as input data
to conduct a dynamic LCA. Although the study does not measure the economic and social implications
of the different transition scenarios, the design of the different scenarios for the environmental
assessment is based on the premise that the efficient valorization and use of local biomass resources is
an important waste management solution [31]. Additionally, this study includes the application of
woody agroforestry biomass systems, which are powerful tools to enhance access to energy and food,
land restoration and sustainable livelihoods [18,39]. In Western Kenya, the sustainable use of biomass
for cooking has an important role to enhance various ecosystem services through the creation of local
businesses. Considering the limitations observed to collect social and economic data, the present
environmental assessment serves as a first step for conducting a full sustainability assessment on
advanced local biomass-based cooking transition options. The environmental assessment is focused on
the relevance of introducing renewable energy systems in a developing region of Kenya in the context
of the SDGs [10,41].

Considering the limited number of dynamic LCA studies applied to the developing region context,
the present study focuses on conducting an environmental impact assessment of the bioenergy transition
strategies previously analyzed in an energy modelling study conducted by Carvalho et al. [26]. In line
with the previous study, the present research analyzes the environmental sustainability of the energy
transition options in relation to a business-as-usual scenario for the time span between 2015 and
2035. The dynamic LCA approach considers the evolution of the household energy mix computed

237



Energies 2020, 13, 719

in the LEAP model for that time span. The LCA results are presented for both the baseline and end
years, considering the projections in the evolution of energy demand and supply until the year 2035,
taking into account historical changes in the economy and demographic conditions in the Kisumu
County. As in the LEAP study [26], in the present LCA study, the BAU scenario also considers that
no policies will be introduced to mitigate environmental impacts of traditional cooking systems.
The present LCA also considers the evolution of the household energy demands according to the
following biomass/cookstove transition scenarios (Figure 1):

(i) Business as usual, considering the evolution according to historical trends on population growth
and urbanization, whereas the use of liquefied petroleum gas (LPG) and electricity will continue
the same and the share of traditional cooking systems will be reduced according to historical
trends (no transition policies adopted);

(ii) Improved cookstoves combusting wood-logs produced via locally sustainable agroforestry
systems (ICS), and biomass briquettes produced with residues with crop residues such as
maize cobs;

(iii) Micro-gasifying cookstoves using pelletized fuels made of sugarcane bagasse and woody biomass
produced in agroforestry systems (PGS);

(iv) Biogas stoves with household organic waste and animal manure being anaerobically digested to
a gaseous mixture including methane (CH4) in local biodigestors (BGS);

(v) An Integrated (INT) scenario evaluated a mix of the ICS, PGS and BGS scenarios (Figure 1).

Figure 1. Overall description of the dynamic LCA method applied based on input data generated in
the previous LEAP study (Original figure designed by the author).

The LEAP software results are used to conduct the LCA analysis based on the previous energy
modelling task, i.e., demand driven (bottom-up) energy model, previously applied for providing energy
and emission projections for policy analysis at the regional level [26,42]. The LEAP modelled results
used in the LCA are based on technical data provided by the Technology and Environmental Database
(TED) coupled to the LEAP software. In this case, the TED is used to calculate emissions from various
types of energy systems in Kenyan households [42–44]. The energy demand results used consider the
evolution in the household energy use and demographic conditions in the Kisumu County, including
different uses of fuel/cookstove systems in the time span between 2015 and 2035 [26]. Considering
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that the present LCA study is based on the same scenarios as those projected in the previous LEAP
study conducted by Carvalho et al. [26], this work also considers that policy measures should be
implemented before 2035 to promote cleaner and sustainable solutions for renewable energy cooking.

2.1. Demographic Data

The main demographic information used to generate the input projection data for the dynamic
LCA is the population of the Kisumu County, per capita income in both urban areas and county,
the typical household size, number of households in both urban and rural areas, as well as the useful
energy demand for cooking and lightning (Table 1).

Table 1. Demographic and energy data of Kisumu County for the baseline year 2015 used by
Carvalho et al. [26] to generate the LEAP data to the LCA model [26].

Type of Data Amount Units Reference

Population 1155 1000 units [45]
Income/capita 1.440 USD [46,47]

GDP growth/capita 4.100 Percent [41]
Household size 4.400 Nr. of people [48]
Nr. of houses 227.0 1000 units [48]
Rural houses 118.0 1000 units [48]
Urban houses 109.0 1000 units [48]

Peri-urban/total nr. 60.00 Percent [49]
Useful cooking energy demand a 0.1200 TOE [50–52]
Useful lightning energy demand b 2.500 MWh [53]

a Based on the average annual useful energy demand for cooking; b Based on the average annual useful energy
demand for lightning in a mid-income urban household in Kenya.

This study is based on the fact that the population in the Kisumu County will increase by 99% in
the period between 2015 and 2035. By 2035, the population income per capita is expected to grow up
to 2900 USD per year, whereas the income per capita in the city of Kisumu (urban income), is expected
to be 1.5 times higher than in both the urban and rural areas of the Kisumu County.

According to the LEAP modelling results [26] used in the LCA model, in the baseline year, the
household energy use was over 9 million Gigajoule (GJ), with wood-logs and charcoal being the main
cooking fuels used in the year 2015. In the LCA study, it is also considered that, despite the trends in
urbanization, a significant part of the peri-urban population is expected to continue living in informal
settings with limited access to electricity and LPG.

Thus, the present study stresses the importance of potential life-cycle based environmental
improvements associated with the introduction of alternative biomass cookstove strategies in the
region. In line with the previous LEAP study, the present LCA study also explores the fact that, by 2035,
bottle biogas and biomass pellet cooking systems might be an affordable way for a substantial part
of the Kisumu County’s population to mitigate environmental impacts related to current traditional
cooking practices [26].

2.2. Resource and Energy Data

In line with the previous LEAP study [26], the projected use of natural resources and final energy
used for cooking and lightning used to model the LCA inputs is computed considering the household
energy use patterns in the historical years between 2010 and 2014 [26]. The calculation of the energy
use is performed according to each type of cooking and lightning fuel/technology system, in order
to model the household energy demands between 2015 and 2035. In the ICS scenario, all the woody
biomass used in 2035 is expected to be produced via agroforestry systems considering the available
agricultural land in both the Kisumu County and the nearby county of Siaya. As there is no sufficient
amount of agricultural land available today that can be converted to agroforestry land systems, in this
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study it is considered that part of the woody biomass produced via agroforestry was sourced by Siaya
County. In the PGS, a full replacement of traditional cookstoves by pellet micro-gasifying stoves is
expected to occur in the year 2035. In urban areas, the biomass pellets are expected to be produced by
a mixture of woody biomass from agroforestry (50%) and sugarcane bagasse (50%), considering that
sugarcane bagasse is the most important crop-residue produced in the industrial sugar belt around the
city of Kisumu. In rural areas, biomass pellets are assumed to be fully produced via the densification
of woody biomass produced in agroforestry systems. Finally, in the BGS scenario, a full replacement
of traditional cookstoves by biogas stoves is projected to occur for the year 2035. Here, half of the
biogas is expected to be produced through the anaerobic digestion of animal manure and the other
half through the digestion of municipal household waste produced in the Kisumu County. The LEAP
functions used to compute the energy data that serves as input data to the LCA model are described in
the Eq. 1-3 and Appendix A of the previous research published by Carvalho et al. [26].

2.3. Life-Cycle Assessment

After modelling the supply of energy in the various scenarios, the LCA is applied according to the
international ISO14040 standard, which defines three main steps to conduct a LCA: (i) Aim and Scope;
(ii) Inventory analysis; (iii) Interpretation. This study aims to analyze material and energy flows, and
quantify the environmental impacts of distinct bioenergy value-chains for cooking across the life-cycle
stages of the different systems, including feedstock collection, processing, distribution and use, as
described in Table 2. This study has the final goal of identifying opportunities for environmental
improvement, supporting decision makers to understand the sources and magnitudes of impacts
throughout the life cycle of each system [31]. Although this study does not include any social and
economic assessment of the proposed bioenergy strategies, the application of LCA in this study can be
strategic to support environmentally sustainable energy planning policies in the Kisumu County.

Table 2. Bioenergy value-chains for cooking, life cycle stages, assumptions, and source of data based
on a previous scenarios established by Carvalho et al. [26,40].

Life Cycle Stages
Policy Option and Bioenergy Value Chains

BAU ICS PGS BGS

Feedstock
collection

Assumption

Unsustainable
harvesting no

regrowth—
Manual [54]

Sustainable
harvesting

agroforestry—
Manual [39,54]

Sustainable
harvesting of
bagasse and

agroforestry wood—
Manual [39,54]

Sustainable
waste &
manure

harvesting—
Manual

Ecoinvent processes
adapted 1,2

Residual wood,
dry|market

Residual wood,
dry|market

bagasse straw
(50%)/wood pellet

(50%) prod|market c

Biogas, from
grass|market

Feedstock
processing

Technology Inefficient
charcoal kilns

Efficient char.
kilns

Efficient pelleting
engines

Efficient
municipal
digestors

Efficiency/source 10–15% 20% 99% 50–60%

Distribution Transport/distance
Rural: None.

Urban: Bicycle
(30 km)

Rural: None.
Urban: Bicyc.

(30 km)

Rural: None. Urban:
Bicyc. (30 km)

Rural: None.
Urban: NA

Use Cooking efficiency 3 <20% >20–30% 30–45% 50–60%
1 Liquified Petroleum Gas (LPG) was considered according to the Ecoinvent process Liquefied petroleum gas {RoW}|
market for| APOS, U; 2 Electricity was considered to be produced according to the Ecoinvent process Market for
electricity, medium voltage KE; 3 The stoves with the indicated range of cooking efficiencies dominate the mix of
fuel/cookstove systems; c Two Ecoinvent processes, respectively one applied for biomass residues and the other for
woody biomass.
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2.3.1. System Boundaries

In this study, an LCA is performed in function of the cumulative energy demand for the various
energy cooking scenarios analyzed in LEAP. The LCA is based on a regionalized inventory and impact
assessment from raw material extraction to energy end-use for cooking. The calculations are performed
by using the software Simapro 8.5 by applying the ReCiPe method [55].

The study is conducted taking into account the ISO standard 14040 [29,56], according to the
following life-cycle stages (Figure 1):

• Production and transportation of the mix of the cookstove fuel feedstock from the production site
to the processing location;

• Processing of the mix of feedstock into a form of ready to be used fuels in cookstoves;
• Distribution of the different types of fuels from the processing locations to the respective retailers

or consumers;
• Use of the fuels via their combustion or use of electricity in a cookstove, according to the mix of

cooking systems;

2.3.2. Inventory Analysis

The inventory analysis is based on data from provided by the LEAP modelling study conducted
by Carvalho et al. [26], and information collected from the literature and background data from
version 3.1 of the ecoinvent [57] and Agrifootprint databases [57]. In order to compensate for the
unavailability of regional Life Cycle Inventory (LCI) data, we permitted the use of direct proxies for
certain processes [58]. Some fuel categories (e.g., charcoal, briquettes, wood from unsustainable forest
management) are not included in the Ecoinvent database and values have to be approximated (e.g., for
charcoal it is assumed that to produce 1 ton of charcoal, 5 tons of wood are necessary). For other
fuel categories, e.g., kerosene, biogas and wood pellets only general values (global averages) on raw
material extraction and production (upstream processes) are used. The Ecoinvent data processes used
in the study are presented in Appendix A (Tables A1–A3).

2.3.3. Impact Assessment

The environmental performance of the different transition policy options in the Kimusu County
are assessed taking into account the following environmental impact categories: (i) Global warming;
(ii) Ozone formation, human health; (iii) Particulate matter formation; (iv) Terrestrial acidification;
(v) Water consumption; (vi) Freshwater eutrophication; (vii) Marine eutrophication; (viii) Mineral
resource scarcity; (vix) Fossil resource scarcity and (x) Land use. These are considered to reflect
the most relevant/critical environmental impacts which can be associated with the combustion of
solid-fuels in cookstoves. In this work, the first category is mostly associated with the combustion of
fossil and biomass fuels and its effect on the emission of atmospheric pollutants with a global warming
potential such as CH4, N2O, carbon monoxide (CO) and particulate matter. The second category is
associated with the formation of ozone, which is related to processes that release NOx compounds into
the environment. The third process is directly associated with atmospheric emissions from combustion
processes, as referred to in the first category. The forth category is associated with the acidification of
the soil due to emissions of certain nitrogen compounds such as ammonia (NH3) and NOx, which
can be associated with the use of chemicals and fertilizers that cause emissions to the soil. The fifth
category is related with the consumption of water consumption and availability in the ecosystems and
can be associated with its incorporation in industrial processes, which can be specifically used for the
production of some chemicals and other materials. The sixth and seventh categories are associated
with the excessive presence of certain nutrients in water systems, due to the release of phosphorus
and nitrogen compounds, respectively, which can be associated with the use of certain chemicals and
fertilizers. The eighth and ninth categories are mostly associated with the extraction of raw materials
from nature and the scarcity of these resources. The last category can be associated with relative
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species loss due to the use of land, related to the processes of land transformation, land occupation and
land relaxation.

3. Results

3.1. Biomass Resources and Energy Demands

The Kisumu County has an agro-industrial and municipal organic waste feedstock of over
1.8 million t biomass (Table 3). The present work assumed that all the mass of biomass feedstock
analyzed are suitable for an efficient and sustainable conversion to upgraded cooking fuels such as
biomass pellets and biogas.

Table 3. Biomass available in BAU, 2015 (t) and use in the BAU, ICS, PGS, BGS and INT, 2035 (t).

Availability
BAU, 2015

Demand
BAU, 2035

Demand
ICS, 2035

Demand
PGS, 2035

Demand
BGS, 2035

Demand
INT, 2035

Wood-logs
(forest) 1 1.05 × 104 9.28 × 105 - - - -

Wood-logs
(agrofor.) 2 5.65 × 105 - 1.63 × 105 1.34 × 105 - 5.60 × 104

Maize cobs 9.50 × 105 - 1.88 × 105 - - 1.40 × 104

S. bagasse 2.60 × 105 - - 1.05 × 105 - 3.10 × 104

Org. waste 2.35 × 105 - - - 2.04 × 105 2.00 × 104

Manure 4.26 × 105 - - - 2.04 × 105 2.00 × 104

Total 1.94 × 106 - 3.51 × 105 2.39 × 105 4.08 × 105 1.41 × 105

1 Considering wood harvesting manual practices unsustainable with no regrowth. 2 Considering the demand for
woody biomass will be produced via sustainable agroforestry systems in the available agricultural land in both
the Kisumu (35%) and Siaya (65%) Counties. 3 Potential in the year 2015 to produce wood-logs with the available
agricultural land, considering that 10% of the agricultural land can be converted to agroforestry land and the
productivity of 10 t of woody biomass per ha of agroforestry land.

In the BAU scenario, in the year 2035, the demands for wood-logs in the Kisumu County would
exceed the forest production capacity and potential agroforestry systems in that scenario and year.
In the BAU scenario, in the year 2035, it will be necessary to import around 861 thousand ton of
wood-logs from other regions, an amount that corresponds to around 92.8% of the total use.

According to the ICS scenario, the current capacity for producing woody biomass via sustainable
agroforestry systems is able to satisfy 35% of the future demand of wood-logs. In this scenario,
the current availability of feedstocks of maize cobs is sufficient to fulfill 100% of the demands for
briquetting this biomass residue and transform it to a usable cooking fuel (Table 3). In the PGS scenario,
the current capacity of agricultural land for the production of woody biomass in sustainable agroforestry
systems can satisfy 42% of the future demands for wood-logs. According to the assumptions and
projections made for this scenario, the current availability of sugarcane bagasse is sufficient to satisfy
100% of the demands for this biomass feedstock to produce sufficient biomass pellets for satisfying the
energy cooking demands in 2035. Finally, in both the BGS and INT scenarios, the biomass feedstocks
available in 2015 will be sufficient to address 100% of the demands for the production of wood-logs
and upgraded fuels made of various biomass feedstocks considered in those two scenarios.

3.2. Fuel Energy Inventory Data

In the BAU scenario, due to population growth and the rate of urbanization, the amount of fuel in
terms of energy consumption is expected to increase by over 50% until 2035 in relation to the baseline
year from around 9 to approximately 14 million GJ. This condition is related to the fact that there will
be more people with energy needs and a higher fraction of the population consuming charcoal in
urban areas, in case no policy is adopted to change the patterns of energy usage for cooking. In the ICS
scenario, the projected increase in the energy consumption is expected to smoothen in relation to the
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BAU, since the energy consumption by 2035 will be in the order of 13 million GJ (Figure 2). In the
PGS scenario, the energy consumption is expected to increase by 26% in the period between 2015 and
2035, reaching a value in the order of 12 million GJ. The smallest increase in the energy consumption is
predicted for 2035 in the BGS scenario, being this in the order of 8%. In the INT scenario, the energy
consumption is expected to increase by 20% to 11 million GJ in 2035.

Figure 2. Fuel use in terms of energy consumption as input for the LCA model in the BAU, ICS, PGS,
BGS and INT scenarios in 2015 and 2035.

In the BAU scenario, the greenhouse gas (GHG) emissions are expected to increase by 10%, ranging
from around 220 thousand t of CO2e in 2015 to around 245 thousand t of CO2e in 2035. In the ICS
scenario, the GHG emissions are predicted to be reduced by 18% to a value around 180 thousand t of
CO2e in 2035 (Figure 2). The amount of fuel input flows to the LCA model regarding t fuel production
and cooking life-cycle stages by type of fuel/cooking system in each scenario, are respectively described
in detail in the Appendix A (Tables A2 and A4).

3.3. Environmental Impact Assessment

In the BAU scenario, in the year 2015, approximately 62% of the use of household energy for
cooking was associated with the use of open fires, whereas the use of charcoal represents 27% of the
residential energy consumption for cooking, and the use of kerosene stoves represents 6% of the energy
use for cooking (Figure 3).

In the BAU scenario, the LCA results also reflect the effects of population growth and increasing
urbanization in Western Kenya between 2015 and 2035 with an increase of 96% in all impact categories
(Figure 3; Table 4). In this scenario, with the increased urbanization, an increased number of households
is expected to have access to charcoal for cooking, reducing the direct exposure to certain household
air pollutants. However, the LCA results also reflect that this improvement is not reflected in an
overall reduction of environmental impacts, a fact that can be associated with the low thermochemical
conversion performance of charcoal kilns.
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Figure 3. Environmental impacts in the BAU 2015, ICS 2035, PGS 2035, BGS 2035 and INT 2035 scenarios
in relation to the BAU scenario, according to the percentage determined in the BAU 2035 scenario.

Table 4. Environmental impacts based on critical ReCiPe categories which are associated with biomass
cooking activities in the Kisumu County in the BAU scenario in the years 2015 and 2035.

Impact Categories 1 BAU 2015 BAU 2035

Global warming (kg CO2eq) 3.4 × 1010 6.7 × 1010

Fine particulate matter formation (kg PM2.5eq) 1.5 × 108 3.0 × 108

Terrestrial acidification (kg SO2eq) 1.5 × 108 3.0 × 108

Freshwater eutrophication (kg Peq) 9.5 × 106 1.9 × 107

Marine eutrophication (kg Neq) 8.9 × 105 1.7 × 106

Fossil resource scarcity (kg oileq) 1.1 × 1010 2.1 × 1010

Water consumption (m3) 6.7 × 108 1.3 × 109

Land use (m2a cropeq) 9.4 × 1010 1.9 × 1011

1 Calculated according to the ReCiPe method [55].

The impact of the introduction of improved cookstoves in the ICS scenario is predicted to
contribute to the reduction of the effect of household energy activities on “Global warming”, “Fine
particulate matter formation”, “Terrestrial acidification”, “Freshwater eutrophication”, “Marine water
eutrophication”, “Fossil resource scarcity”, “Water consumption” and “Land use” between 80 and 90%
in relation to the BAU scenario in the year 2035. Additionally, the introduction of advanced gasifier
cookstoves combusting pelletized fuels is expected to reduce the environmental impacts of all the
referred categories by over 98% in relation to the BAU 2035 scenario (Figure 3; Table 5). Furthermore,
the replacement of traditional cookstoves by biogas stoves is predicted to reduce those impacts by
the same order of magnitude as in the previous scenario. In the INT scenario, the environmental
impacts associated with the analyzed impact categories are expected to be around 97% lower than
those observed in the BAU scenario in 2035 (Figure 3; Table 5).

In the year 2035, and for the ICS scenario, the introduction of ICSs using wood-logs produced
in agroforestry systems will contribute to an over 80% reduction in all the environmental impacts
analyzed in this study in relation to the BAU scenario. Such improvements are partly associated with
the fact that the improved cookstoves are around twice more efficient than traditional cooking systems,
which results in significant fuel savings. Additionally, the use of woody biomass produced in a more
sustainable way is expected to reduce the pressure on natural ecosystems. However, despite reflecting
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the reduction in the harvesting of woody biomass from Kenyan forests, the life cycle inventory in
this study does not account for the positive environmental impacts related to the introduction of
agroforestry systems, i.e., those impacts associated with the preservation of biodiversity and possible
land-use changes (LUCs), due to limitations in accessing to real datasets that can reflect certain localities.
Such environmental aspects are not accounted in the life-cycle inventory for scenarios of biodiversity
losses and LUCs enhanced by the rate of deforestation associated with higher consumption of woody
biomass from the forests. In the same year, for both the PGS and BGS scenarios, and for all analyzed
impact categories, the introduction of the advanced cookstove systems in 2035 will contribute to
reducing the environmental impacts by over 90% in relation to the BAU scenario in 2035. In a similar
way, the technology advancements allow the achievement of even higher thermal energy conversion
efficiencies in relation to traditional systems. Beyond that, these scenarios result from the utilization of
biomass residues in micro-gasifier and biogas cookstoves, which are going to either be disposed of in
natural environment or inefficiently burned in open fields if no measures are introduced. Furthermore,
in this study, no environmental impacts are allocated to the upcycled biomass residues (i.e., sugarcane
bagasse, animal manure and organic waste), which explains the fact that these two biomass/fuel
systems have a higher environmental performance than the improved cookstoves. Finally, in the INT
scenario, the adoption of the mixed biomass cookstove strategies is expected to contribute to reduce
the environmental impacts by a value between 94% and 95% (Table 5).

Table 5. Environmental impacts based on critical ReCiPe categories which are associated with biomass
cooking activities in the Kisumu County in the ICS, PGS, BGS and INT scenarios in 2035.

Impact Categories 1 ICS 2035 PGS 2035 BGS 2035 INT 2035

Global warming (kg CO2eq) 9.7 × 109 2.1 × 108 1.6 × 108 1.9 × 109

Fine particulate matter format. (kg PM2.5eq) 4.3 × 107 4.3 × 105 2.7 × 105 8.2 × 106

Terrestrial acidification (kg SO2eq) 4.3 × 107 5.1 × 105 3.8 × 105 8.2 × 106

Freshwater eutrophication (kg Peq) 2.7 × 106 2.6 × 104 6.1 × 103 5.0 × 105

Marine eutrophication (kg Neq) 2.5 × 105 4.1 × 103 5.6 × 102 4.8 × 104

Fossil resource scarcity (kg oileq) 3.0 × 109 5.8 × 107 4.8 × 107 5.9 × 108

Water consumption (m3) 1.9 × 107 7.9 × 105 3.3 × 105 3.5 × 107

Land use (m2a cropeq) 2.6 × 1010 4.0 × 108 4.5 × 105 5.0 × 109

1 Calculated according to the ReCiPe method [55].

In this study, a small difference is observed for the variations in the environmental impacts of
the different biomass cookstove transition measures in relation to the BAU scenario in the year 2035.
However, it is possible to observe that the BGS and PGS scenarios are the ones with higher reduction
of the environmental impacts in relation to the analyzed categories. This result follows the trend
observed for the evolution of the GHG emissions as shown in a previous study conducted by Carvalho
et al. [26]. These environmental improvements can mostly be explained by the high efficiency of the
thermochemical conversion processes associated with the combustion of biogas and pelletized fuels,
which has a significant potential effect on reducing impacts such as on those associated with “Global
warming”, “Fine particulate matter formation”, “Water consumption” and “Land use”.

4. Conclusions

Considering the premise that local-based and renewable energy solutions are needed in the short
to medium term to address HAP in developing countries, this study shows that the transition to
biogas and micro-gasifying cookstove systems combusting upgraded biofuels, i.e., biogas and biomass
pellets, greatly contributes to reducing critical environmental impacts beyond deforestation and HAP
associated with a potential future phase out of traditional cooking practices in Western Kenya. In the
BGS scenario, the availability of animal manure and organic waste in the year 2015 (661 thousand
t) is 4% higher than the expected consumption of this feedstock in the year 2035 (408 thousand t).
In the PGS scenario, the availability of agricultural land to produce agroforestry woody biomass in the
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Kisumu County in 2015 (around 57 thousand t) is not sufficient to satisfy the projected demands for
this feedstock in the year 2035 (around 134 t); imports from the neighboring county of Siaya should be
considered to adjust future supply and demand. Additionally, in this scenario, the amount of sugarcane
bagasse available in 2015 (260 thousand t) is more than enough to satisfy 100% of the demands for this
feedstock in the projected PGS scenario in the year 2035 (around 105 thousand t).

Overall, the LCA confirms the hypothesis of increasing the environmental sustainability of current
cooking systems and related fuel value-chains in Western Kenya through the introduction of advanced
cookstoves combusting either biogas (BGS scenario) or pelletized fuels (PGS scenario). Such measures
are expected to reduce by over 80% the environmental impacts for all the referred categories analyzed
in relation to the BAU scenario in the year 2035. Although this study has demonstrated the great
environmental benefits of the suggested measures, further studies are required to consolidate this
sustainability assessment through the performance of both social and economic assessments of the
proposed valorization alternatives.

By showing that biogas and pellet fuel/advanced cookstove value-chains are viable in terms of
the mitigation of the environmental impacts, this study may orient the scientific community and
energy sector stakeholders about the environmental benefits of such valorization and energy efficiency
alternatives at the sub-national level. As the suggested bioenergy cooking strategies mitigate a wide
range of life-cycle environmental impacts beyond HAP, an interesting and specifically relevant area
for future research is related to the analysis of the environmental externalities (e.g., on human health)
associated with the mitigation of greenhouse gas and PM emissions in Western Kenya. In such a
context, this study does not yet fully provide consolidated recommendations to decision-makers
responsible for designing energy policies in the Kisumu County, which will only be possible after a
solid socio-economic assessment is carried out.

Future work in this area is highly relevant in order to provide key recommendations not only
for policy makers, but also for local biomass industries, which could be interested in capitalizing
investments in alternate value-chains. Furthermore, government incentives for the deployment
of innovative logistical systems and tax credits—including the deployment of advanced biomass
valuation alternatives and cookstove via local community-based projects—present a potential to enhance
sustainable livelihoods through bottom-up policies design with the participation of the population.
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Appendix A

Information about the inventory data for the LCA are presented in the tables below.
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Table A1. Dataset used from the Ecoinvent database related to the LCA study in every fuel.

System Ecoinvent Database Unit Process Used

Openfire wood Residual wood, dry {GLO}|market for| APOS, U
ICS wood Residual wood, dry {GLO}|market for| APOS, U
Kerosene Kerosene {RoW}|market for| APOS, U

Trad charcoal 1 Residual wood, dry {GLO}|market for| APOS, U
Impro charcoal 1 Residual wood, dry {GLO}|market for| APOS, U

Electric Market for electricity, medium voltage KE
LPG Liquefied petroleum gas {RoW}|market for| APOS, U

ICS briquette residue Wood pellet, measured as dry mass {RoW}|market for wood
pellet| APOS, U

ND-gasifier biomass pellets (50/50) 1
Straw, stand-alone production {GLO}|market for| APOS, U

(50%)/Wood pellet, measured as dry mass {RoW}|market for
wood pellet| APOS, U (50%

FD-gasifier biomass pellets (50/50) 1
Straw, stand-alone production {GLO}|market for| APOS, U

(50%)/Wood pellet, measured as dry mass {RoW}|market for
wood pellet| APOS, U (50%)

ND-gasifier wood pellets Wood pellet, measured as dry mass {RoW}|market for wood
pellet| APOS, U

FD-gasifier wood pellets Wood pellet, measured as dry mass {RoW}|market for wood
pellet| APOS, U

Biogas digester Biogas, from grass {GLO}|market for| APOS, U
Biogas stove Biogas, from grass {GLO}|market for| APOS, U

1 Based on LHVwood = 18MJ/drykg. To produce 1 kg of charcoal, 5 kg of wood are needed.

Table A2. Energy inputs in the fuel production life-cycle stage (TJ), considering each fuel system.

Year 2015 End Year 2035

System BAU BAU ICS PGS BGS INT

Unsustainable wood 1 5280 4462 - - - -
Sustainable wood

(agroforestry) 2 - - 2927 - - 565.0

Kerosene 2185 1624 1624 1624 1624 1624
Charcoal 1146 3152 - - - -

Electricity 470.1 2955 2955 2955 2955 2955
LPG 90.30 1039 1039 1039 1039 1039

Maize cobs - - 3391 - - 569.6
Sugarcane Bagasse - - - 3781 - 1121

Wood-chips
(agroforestry) 3 - 4462 - - - -

Animal manure 23.10 - 2927 - - 565.0
Municipal waste - 1624 1624 1624 1624 1624
1 Roundwood produced from manual harvesting practices with no regrowth. 2 Roundwood produced with manual
harvesting with regrowth of nitrogen fixing trees [39,40]. 3 Wood-chips produced in wood chipping engine after
sustainable production of wood in agroforestry systems.
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Table A3. Material/distance inputs in the fuel transport life-cycle stage (tkm 1) for each fuel system in
urban areas.

Year 2015 End Year 2035

System BAU BAU ICS PGS BGS INT

Wood 6.43 × 106 3.86 × 106 2.53 × 106 - - 3.33 × 102

Briquettes 2.97 × 105 - 5.35 × 106 - - 8.49 × 105

Charcoal 4.20 × 104 2.30 × 106 - - - -
Biomass
pellets 9.00 × 103 - - 6.30 × 106 - 1.87 × 106

Biogas
cylinder 2.40 × 104 - - - 3.06 × 106 1.22 × 106

LPG 6.43 × 106 6.18 × 105 6.18 × 105 6.18 × 105 6.18 × 105 6.18 × 105

Kerosene 2.97 × 105 4.92 × 105 4.92 × 105 4.92 × 105 4.92 × 105 4.92 × 105

1 Considering the average distribution distance of 30 km from the production areas to the households.

Table A4. Energy inputs in the cooking life-cycle stage (TJ), considering each cooking system.

Year 2015 End Year 2035

System BAU BAU ICS PGS BGS INT

Openfire wood 5067 4178 - - - -
ICS wood 203.4 284.0 2895 - - 532.6
Kerosene 237.6 725.7 725.7 725.7 725.7 725.7

Trad charcoal 433.8 1320 - - - -
Impro charcoal 575.8 1832 - - - -

Electric 19.30 524.7 524.7 524.7 524.7 524.7
LPG 74.10 532.8 532.8 532.8 532.8 532.8

ICS briquette residue - - 3391 - - 569.6
ND-gasifier biomass pellets (50/50) 1 - - - 968.0 - 399.3
FD-gasifier biomass pellets (50/50) 1 - - - 2813 - 721.6

ND-gasifier wood pellets - - - 879.9 - 333.5
FD-gasifier wood pellets - - - 158.4 - 52.80

Biogas digester 23.10 79.80 79.80 79.80 1299 930.4
Biogas stove 5067 - - - 1939 768.8

1 Biomass pellets are a mixture of biomass residues with 50% bagasse and 50% woody biomass produced in
agroforestry systems.
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