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Abstract

This thesis presents a comprehensive analysis aimed at understanding process
performance, methane yield, and key influencing factors within the context of
solid-state anaerobic digestion (SS-AD). SS-AD is used to treat organic mate-
rial with high solids content, which can be challenging to address by alternative
methods. The investigation involves modelling and simulation exploring mass
and energy balances and the associated environmental implications. To
achieve this, a waste management tool, ORganic WAste REsecarch (OR-
WARE) was adapted and validated to suit the unique parameters of SS-AD
operating under a plug-flow reactor configuration, representing a specific case
study. The search of an optimal feedstock mix that enhances the digestion pro-
cess and energy performance is highlighted. Findings suggest that feedstock
selection significantly affects methane yield in SS-AD systems, and optimizing
substrate mixtures can enhance process efficiency. Key considerations include
biodegradability and lignocellulosic content. Operational parameters, such as
temperature variations, impact the results from the model, while responsive-
ness of hydraulic retention time and organic loading rate remains limited. A
further comparison between a liquid anaerobic digestion (L-AD) vs SS-AD is
made, despite similar methane yields, SS-AD outperforms due to higher en-
ergy turnover. Additionally, effective management of digestate nutrients is cru-
cial for its biofertilizer use. Beyond the biogas system, the thesis explores in-
terconnected relationships between SS-AD inputs and outputs and their subse-
quent use as resources for a hydroponic greenhouse production system. The
examination of system interconnections and their broader implications empha-
sizes the importance of comprehensive assessments when integrating biogas
systems beyond their conventional applications.

Keywords: Solid-state anaerobic digestion, methane yield, digestate, systems
analysis, modelling, life cycle assessment.



Sammanfattning

Denna avhandling presenterar en omfattande analys som syftar till att forsta
processprestanda, metanutbyte, och viktiga paverkande faktorer inom ramen
for torr6tning. Torr6tning anvénds for att behandla organiskt material med hog
torrhalt, vilket kan vara svért att hantera med alternativa metoder. Undersok-
ningen omfattar modellering och simulering for att utforska mass- och energi-
balanser och dirmed sammanhéngande miljékonsekvenser. For att uppna detta
anpassades och validerades ett verktyg for avfallshantering ORganic WAste
REsearch (ORWARE) for att passa en torrétnings-anldggning med pluggflo-
dereaktor, vilket representerar en specifik fallstudie. En optimal ravarubland-
ning som forbéttrar rétningsprocessen och energiprestanda lyfts fram. Resul-
taten tyder pa att valet av rdmaterial avsevirt paverkar metanutbytet i torrot-
nings-system, och att optimera substratblandningar kan forbéttra processeffek-
tiviteten. Viktiga O6vervdganden inkluderar biologisk nedbrytbarhet och
lignocellulosahalt. Driftsparametrar, sdsom temperaturvariationer, paverkar
torrdtning, medan kénsligheten for hydraulisk retentionstid och organisk be-
lastningshastighet i den modifierade pluggflodereaktor-konfigurationen forblir
begrinsad. I en jamforelse mellan véatrotning och torrdtning sa har bade tekni-
kerna liknande metanutbyten, men torrdtning Svertraffar pa grund av forbétt-
rad energibalans. Avhandlingen undersoker dessutom aspekter bortom biogas-
systemet. Den utforskar de sammankopplade forhallandena mellan torrétning-
utgangar och deras efterf6ljande anvéindning som resursinsatser for ett hydro-
poniskt vaxthusproduktionssystem. Utforskningen av systemsammankopp-
lingar och deras bredare implikationer belyser vikten av omfattande beddm-
ningar nidr man integrerar biogassystem utéver deras konventionella tillamp-
ningar.

Nyckelord: Torrdtning, metanutbyte, biogddsel, systemanalys, modellering,
livscykelanalys.
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1. Introduction

While waste management (WM) is considered a basic necessity, it often re-
ceives less attention than other essential services, such as shelter, food, and
energy (UNEP, 2016). Currently, approximately 2.01 billion tonnes of munic-
ipal solid waste annually are generated worldwide. However, projections indi-
cate a significant increase to 3.40 billion tonnes by 2050 (Kaza et al., 2018).
Globally, approximately one-third of municipal solid waste is improperly man-
aged, contributing significantly to 5% of global emissions (Kaza et al., 2018;
UNEP, 2016). The remaining emissions are distributed among other sectors,
with roughly 34% (20 GtCO»-eq) of the world’s net greenhouse gas (GHG)
emissions originating from the energy sector, 24% (14 GtCO,-eq) from indus-
try, 22% (13 GtCOs-eq) from agriculture, forestry, and other land use
(AFOLU), and 15% (8.7 GtCO»-eq) from transportation (IPCC, 2022). In
2015, the United Nations adopted 17 Sustainable Development Goals (SDGs)
along with 169 targets as part of the 2030 Agenda. These goals and targets
formed the basis for global collaboration aimed at eradicating poverty and hun-
ger, addressing the effects of climate change, and promoting prosperity world-
wide (UNDP, 2015). In the same year, the Paris Agreement established the
global goal of limiting the average temperature increase to below 2 °C, with a
more ambitious target of 1.5 °C, referring to sustained warming over an ex-
tended period (UNFCCC, 2017) (WMO, 2023).

Furthermore, the urgency of the climate change crisis, combined with the
occurrence of pandemics and the recent Ukraine conflict, has highlighted the
critical need to diversify energy sources and reduce dependence on fossil fuels,
including gas supplies. In that sense, it has become clear that there is a need
for increased development of local energy resources. Likewise, as global en-
ergy prices continue to rise, the concept of energy recovery from organic resi-
dues and waste streams is gaining increasing attention. Flexible energy gener-
ation and storage are the keys to the future of energy technology, guaranteeing
a reliable energy supply and facilitating an efficient transition (Garcia et al.,
2022). These transitions can include the adoption of biofuels for transportation,
a notable decrease in overall fossil fuel consumption, minimal reliance on un-
abated fossil fuels, and the implementation of carbon capture, use, and storage
(CCUS). Additionally, utilizing bioenergy with CCUS (BCCUS), and reduc-
ing food loss and waste are all viable mitigation options (IPCC, 2022).

On a global scale, the most significant waste category consists of food and
green waste (EPA, 2018; Kaza et al., 2018). This waste stream can be managed
through various methods, including biological treatments, which enable the
valorization of organic waste. These technologies can generate valuable by-
products such as soil amendments and/or liquid fertilizers. Additionally, an-
aerobic digestion (AD) can produce biogas, a valuable renewable energy
source (Lin et al., 2014; Song et al., 2021; Yong et al., 2015). Treatment of



solid waste through AD is a complex process that relies on a diverse microbial
community including hydrolytic, acidogenic, acetogenic, and methanogenic
microorganisms, each performing sequential steps: hydrolysis, acidogenesis,
acetogenesis, and methanogenesis (Vavilin et al., 2008). Within this process,
organic matter undergoes significant degradation, with the hydrolysis step be-
ing considered the rate-limiting step, especially when working with solid waste
(Garcia-Gen et al., 2015; Vavilin et al., 2008). The typical ratio of CH4 to CO»
in biogas is 60:40 under ideal conditions (Kythreotou et al., 2014). When the
organic matter has a total solids (TS) content higher than 15% inside the di-
gester/reactor, it is classified as dry, high-solids or solid-state AD (SS-AD),
which could offer several advantages over liquid AD (L-AD), where the TS
content is typically below 15% (Ge et al., 2016; Li et al., 2011; Yang et al.,
2015). One advantage is that SS-AD produces a more concentrated digestate,
resulting in reduced storage and transportation costs while also contributing to
a smaller environmental footprint. Likewise, SS-AD is more resilient to pro-
cess disturbances and is less susceptible to washout of microorganisms
(Budzianowski, 2016; Zhang et al., 2017). However, SS-AD uses a solid me-
dium to transfer substances, reducing the need for water but decreasing the
contact between microorganisms and substrate which could lead to a drop in
the biogas yield (Li et al., 2011).

Sweden has set a goal to ensure that, no later than 2023, at least 75% of
food waste generated by households, catering kitchens, shops, and restaurants
is sorted and treated biologically to recover biogas and nutrients
(Energimyndigheten, 2021). In 2022, the total waste generation amounted to
approximately 123 kilograms per person, with a total generation of 4,719,490
tonnes. Of these, 16% underwent biological treatment, either AD or compost-
ing (Avfall Sverige, 2022). Particularly, the use of biofuels such as biogas has
consistently increased with a total of 4.8 TWh in 2021, including both domes-
tically produced and imported sources. Almost half of the 281 biogas produc-
tion facilities operating in Sweden are sewage treatment plants, while only 37
facilities are categorized as co-digestion plants, which digest different types of
organic material like source-sorted food waste, slaughterhouse waste, manure,
and energy crops, excluding sewage sludge (Energigas Sverige, 2023). Despite
their lower number, most of the biogas production takes place in these types of
co-digestion facilities. Additionally, only a few co-digestion plants operate us-
ing SS-AD conditions with examples located in Morrum, Héarnosand,
Forsbacka, Jonkoping, and Hogbytorp (BRIGHT, 2017; Eisenmann, 2012;
HZI, 2020a, 2020b; Persson et al., 2019; Westerholm et al., 2020). Given that
these SS-AD technologies are relatively new in the country, it becomes im-
portant to investigate their process performance due to the unique advantages
they offer, positioning them as a potential key technology for treating specific
waste streams. While many studies have focused on the systems analysis of
waste management technologies (Bjorklund, 2000; Boldrin et al., 2011;
Eriksson & Bisaillon, 2011; Gentil et al., 2010; Hansen et al., 2006; Winkler
and Bilitewski, 2007), to the best of the author’s knowledge, limited research
has been conducted in the specific area of full-scale SS-AD performance
(Angelonidi & Smith, 2015; Chiumenti et al., 2018; Westerholm et al., 2020),



and more specifically, their environmental performance (Feiz, 2016). Further-
more, establishing efficient pathways for the utilization of biogas and digestate
remains a priority (Bose et al., 2022; Dahlgren, 2022; Farghali et al., 2022).

1.1. Aim and research questions

The aim of this thesis is to deepen the understanding of anaerobic digestion
under solid-state conditions and assess the performance at full scale with re-
spect to renewable energy production and nutrient recovery. To accomplish
this goal, a systems analysis model was applied, which incorporates method-
ologies such as material flow analysis (MFA) and life cycle assessment (LCA).
The evaluation of the biogas production system primarily focuses on examin-
ing material and energy performance, as well as environmental impacts.
Based on the aim of the thesis the following research questions (RQ) are

addressed:

RQ1. How do various factors, such as feedstock composition and oper-

ational parameters, affect methane yield in solid-state conditions?
An important aspect of understanding anaerobic digestion with high solid con-
tent substrate is about how various factors influence methane yield. Feedstock
compositions vary widely, each with distinct characteristics. Investigating the
impact of different feedstock compositions on methane yield is crucial for
identifying the most promising mixtures in solid-state conditions. Furthermore,
methane yield is also related to other operational parameters, such as tempera-
ture, hydraulic retention time (HRT), organic loading rate (OLR), and so on.
Studying how variations in these operational parameters influence the process
allows for the improvement of conditions to maximize methane yield.

RQ2. What strategies can be implemented to enhance the production of

biogas and digestate, and to minimize resource usage in full-scale SS-

AD plants?
This question relates to the exploration of technical recommendations to en-
hance biogas, energy turnover, and the nutrient content of the digestate. Sim-
ultaneously, the aim is to minimize the consumption of resources, including
materials and energy inputs at full-scale operation.

RQ3. How can the biogas and digestate be processed and utilized, and

what are the potential environmental implications associated with

them?
This research question deals with the analysis of various scenarios within an
expanded biogas system, which represents different uses of biogas as heat,
electricity, or vehicle fuel, through different pathways and applications of di-
gestate as organic fertilizer in different settings. The evaluation consists of ma-
terial and energy analyses, along with an assessment of their environmental
impacts. The inclusion of biogenic carbon, derived from biogas as a CO»
source, is also considered.

Table 1 presents the interconnections between the research questions and

the papers that were developed and included in this thesis.



Table 1. Connections between the research questions and different papers.

RQ Paper I Paper 11 Paper 111 Paper IV Paper V
RQ1 X X

RQ2 X X

RQ3 X X

1.2. Scope and delimitation

This thesis focuses on the analysis of a co-digestion biogas production system,
primarily centered around a case study involving SS-AD in a full-scale pro-
duction setting. Additionally, it includes different scenarios tailored to each
paper’s specific aims and scope. The production, sorting, and collection of
feedstocks, as well as their transportation from the source to the SS-AD plant,
are not within the scope of this thesis. It is assumed that the operation occurs
under favorable conditions, ensuring stable biogas and digestate production,
with microbiology analyses not included. Emissions related to the use of di-
gestate include those associated with its application on arable land, and those
resulting from the soil. The findings can be considered applicable and/or in-
dicative of other similar conditions, and they have been contrasted with exist-
ing literature that examines comparable production systems. There are differ-
ent categories for biogas systems, in this thesis, the “small-scale” term refers
only to biogas produced in a laboratory-scale context or similar. Additionally,
the investigated SS-AD case study works under specific plug-flow reactor con-
ditions. In this thesis, resource efficiency is limited to the perspectives of ma-
terial and energy performance, and for papers IV and V, it is evaluated through
the environmental impact assessment.

The central focus of the analysis in the appended papers is situated in the
digestion process, as shown in Figure 1. Other aspects, such as the processing
and utilization of biogas and digestate, were incorporated to enhance and ex-
pand the overall system. The analysis starts with the digestion process and con-
cludes with the integration of various product processing methods. The first
system level (SL1) of the study covers the digestion process area, encompass-
ing feedstock types and characteristics, methane production, digestate produc-
tion, and an analysis of operational parameters such as temperature, HRT, and
OLR. At this level, the reactor design analysis is also performed which allows
for a better comparison of the actual biogas plant operating under specific plug-
flow conditions. In addition to this, a comparison of the operation between
high-solids (the SS-AD operations) conditions vs low-solids (L-AD) content
is analyzed. The second level (SL2) of the study builds upon the processes
from the first level, providing a more detailed analysis of methane yield and
energy turnover concerning different feedstocks and their combinations. Ad-
ditionally, it includes the examination of digestate processing and nutrient con-
tent assessment.

The final level (SL3) focuses on biogas processing and explores different
options for its utilization, such as heat, electricity, and vehicle fuel. Heat and
electricity generation involves a combined heat and power (CHP) system and
solid oxide fuel cells (SOFCs). Vehicle fuel is assumed to be either compressed



biogas (CBG) or liquefied biogas (LBG). This level also addresses reject man-
agement, dealing with impurities that are assumed to be present in the feed-
stock input, which are incinerated, and the resulting ashes are deposited in a
landfill. Liquid digestate is assumed to be used as an organic fertilizer with
direct application in arable land, and in a hydroponic greenhouse for fruit and
vegetable production. Solid digestate is assumed to be utilized as biofertilizer
through two options: as an amendment or as pellets. Additionally, the valori-
zation of biogenic CO: is explored, with two primary options: as a growth en-
hancer in a hydroponic greenhouse, and as a resource for producing a supple-
mentary cementitious material (SCMs), together with the ashes from the incin-
erated input rejects. Based on material and energy analyses, this level also con-
siders environmental impacts.

Scope and delimitations

wvav [Paw!
([lFed Wi
Feedstock rejects
1o incineration

SL3: Biogas system integration level

SL2: Extendec

process

systems andfor pefiets

Papers represented with gray circles

Figure 1. Scope and delimitations for different systems and papers.



1.3. Overview of papers and co-author statement

This thesis comprises five papers. The papers are briefly described and accom-
panied by a co-author statement.

Paper |
The aim of this paper is to provide a comprehensive analysis of methane yield
performance and the primary factors influencing it under SS-AD conditions at
laboratory, pilot, and full scale. Additionally, it provides recommendations for
enhancing methane yield at a full-scale level and contributes to the theoretical
foundation for subsequent papers.

I was responsible for data collection and paper writing, while the analysis
was conducted in collaboration with Zhao Wang and Ola Eriksson, who also
provided supervision.

Paper Il

This paper aims to adapt and validate the ORWARE model for studying SS-
AD under a plug-flow configuration to mimic the case study. This modification
was required as the original ORWARE anaerobic digestion process was de-
signed for different conditions. Additionally, it emphasizes and discusses the
digestion performance distinctions between L-AD and SS-AD.

My primary responsibilities included model modification, data collection,
and paper writing. I collaborated with Zhao Wang and Ola Eriksson on result
analysis and certain sections of the paper. Ola Eriksson supervised the model
design, and feedback on the manuscript was provided by Zhao Wang, Ola
Eriksson, and Shveta Soam.

Paper Il
The purpose of this paper is to assess how various feedstocks and their combi-
nations affect methane, digestate production and quality, and final energy turn-
over. This is crucial when environmental goals aim to reduce food waste, the
primary feedstock in this case study. Additionally, the paper offers a detailed
analysis of the nutrient content of the digestate and its processing. It also aims
at analyzing different scenarios for reducing input resources, such as energy
usage, while increasing biogas production and maintaining or improving di-
gestate quality in terms of key nutrients.

Zhao Wang and I each contributed equally to the conceptualization of this
paper, but I had the primary responsibility for data collection and writing. Both
of us conducted the analysis of the results.

Paper IV

This paper aims to conduct a comparative analysis of two tomato production
systems within a Swedish context. The first system involves traditional green-
house practices commonly used in Sweden. The second system explores the
integration of products from an SS-AD plant, which includes biogas as an en-
ergy source for heat and electricity, CO» supply, and liquid digestate as a bio-



fertilizer. The analysis focuses exclusively on the liquid fraction of the diges-
tate since the greenhouse process corresponds to a hydroponics configuration.
The evaluation of materials, energy usage, and environmental aspects are cov-
ered. Additionally, a sensitivity analysis is performed to assess the effects
when utilizing a European electricity mix instead.

My contribution to this paper was mainly in the Material Flow Analysis
while Daniel Danevad focused primarily on the Life Cycle Assessment
method. However, we both made equal contributions to the conceptualization,
data gathering, analysis, writing, and editing of the manuscript.

Paper V
This paper aims to explore various utilization options for biogas and digestate,
taking into consideration materials, energy, and environmental analysis. Addi-
tionally, it examines the potential utilization of the biogenic carbon derived
from biogas. The study also expands with the integration of waste treatment
technologies, such as the incineration of feedstock rejects, primarily plastics.
The specific scenarios analyzed include the use of a landfill for the ashes re-
sulting from the incineration process, the post-processing of solid digestate to
produce soil amendments and pellets, and the upgrading of biogas. In the case
of biogas, it is assumed to be deliverable as either CBG or LBLBG. Addition-
ally, alternative scenarios explore the use of biogas solely for heat and electric-
ity production. This paper adopts a system expansion perspective, which ac-
counts for the compensation needed to produce the primary products of the
system using alternative resources.

I made the main contributions to the conceptualization, data collection,
writing, and analysis of results. The analysis was conducted in collaboration
with Zhao Wang and Ola Eriksson, who also provided supervision.



2. Background

Within the subject of renewable energy and WM, few technologies hold as
much promise as anaerobic digestion. This process not only enables the pro-
duction of biogas, a renewable energy source, but also offers the opportunity
for nutrient valorization. Moreover, the integration of biogas systems with
BCCUS presents a chance to tackle climate change and work under circular
economy principles. In this section, the main theoretical background will be
described, with a focus on examining the current biogas systems approaches,
presenting their versatile applications, and highlighting the synergies that can
be realized by leveraging biogas systems in conjunction with other practices.

2.1. Biogas outlook

The Nordic Biogas Model as defined by the Biogas Research Center represents
a comprehensive approach to biogas production (Biogas Research Center,
2022). Back in time, experimental biogas production from waste started in the
19" century, when the initial processes were primarily focused on municipal
waste treatment and did not prioritize energy recovery. Subsequentially, biogas
was employed for street lighting, and during and after World War 11, it gained
interest as a fuel source for vehicles and farm tractors (Mital, 1997). Today,
the Nordic Biogas Model follows a similar approach along with nutrient re-
covery and more recently, the increased interest in coupling biogas systems to
other industries such as food production (Lindfors et al., 2022). This model
emphasizes the utilization of waste and residual products as substrates and the
upgrading of biogas to biomethane, primarily for transportation purposes or
injection into gas networks, often serving industries, altogether with the use of
the digestate as biofertilizer (Biogas Research Center, 2022).

For instance, there has been an increase in biogas production in Denmark,
reaching 4.7 TWh, which already accounts for 15% of total gas consumption.
This places Denmark in second place in terms of biogas production per capita
in Europe. Initially, biogas in Denmark was directly used for CHP generation.
However, the current trend involves upgrading before injecting it into the na-
tional gas grid (IEA Bioenergy, 2021a). In Finland, biogas production accounts
for approximately 2 TWh, where biogas is mainly used to power wind power
plants and upgraded for vehicle fuel (IEA Bioenergy, 2021b). Norway has a
modest biogas production of around 1 TWh, with a growing interest in its use
as liquified biogas as vehicle fuel (IEA Bioenergy, 2021c¢). In Sweden, the na-
tional production of biogas alone reached 2.26 TWh, primarily used as vehicle
fuel, which accounts for over 90% of gaseous transport fuel (IEA Bioenergy,
2021d). In all the examples mentioned, digestate is mainly used as a replace-
ment for conventional fertilizers. In Europe, the concentration of biogas plants
has been predominantly in Germany, contributing to approximately 87 TWh



of biogas production (IEA Bioenergy, 2021e), initially prioritizing renewable
electricity generation using crops as the main substrate. However, there is cur-
rently a shift towards adopting the Nordic model across countries, reflecting
changes in energy production approaches.

2.1.1. Feedstock sources and characteristics

A new goal for the European Union is to increase biomethane production to 35
bem by 2030 (IEA, 2022). To achieve this target, national strategies should
prioritize sustainable pathways, focusing on waste-based production from var-
ious sources such as agricultural and forest waste, food industry waste, and
domestic organic waste among others (European Commission, 2022; IPCC,
2022). Aligning with this sustainability goal, Sweden is contributing to this
effort. Sweden produced about 2 TWh of biogas in 2021. However, there is an
ambitious proposal aiming to increase production to 15 TWh by 2030, with 12
TWh designated for transportation use and 3 TWh allocated for industrial ap-
plications. An initial target of 7 TWh, derived only from waste as the main
feedstock is set (Energigas Sverige, 2018). Gustafsson and Anderberg (2022)
suggested three scenarios aimed to analyze alternative approaches to reach the
7 TWh biogas goal. Their suggestions imply that achieving the goal would
require digester volumes up to five times larger and up to 12 times more AD
plants, resulting in a six to eight-fold increase in biofertilizer production. This
could be realized through a combination of full-scale centralized biogas sys-
tems, primarily co-digestion plants known for their higher efficiency in biogas
production, and decentralized production systems that effectively utilize agri-
cultural feedstock distributed across the country while improving the utiliza-
tion of digestate as biofertilizer. Decentralized production of energy has the
potential to contribute to the development of rural areas and strengthen small
and medium-sized enterprises (FNR, 2012). When predominantly utilizing
municipal solid waste and agricultural waste, SS-AD configurations could play
a crucial role as a more suitable technology (Ellacuriaga et al., 2021; Ge et al.,
2016).

Moreover, sustainable feedstock availability for biogas production is pro-
jected to increase by 40% by the year 2040 (IEA, 2020). The main type of
feedstock according to EBA’s projections is in the first place sequential crops,
followed by agricultural residues, manure, and food waste (EBA, 2022). While
sequential cropping proves to be an effective soil management strategy by cul-
tivating intermediate crops between two harvests, promoting soil fertility, car-
bon preservation, and erosion prevention without competing for agricultural
land with food or feed crops (IEA, 2020), lignocellulosic material, which pre-
dominantly consists of cellulose (35-50%), hemicellulose (20-35%), and lignin
(10-25%) (Sawatdeenarunat et al., 2015), presents its own challenges. Lignin,
a significant component within lignocellulosic material, forms a natural barrier
that contributes to the development of a highly resistant and recalcitrant bio-
mass structure through intricate interactions among these three primary con-
stituents (Philbrook et al., 2013). This structural complexity of lignocellulosic
material has a direct impact on the production of biogas, as the quantity of
biodegradable organic substances in the feedstocks, including fats, proteins,



and carbohydrates, is intrinsically linked to its composition. Within these or-
ganic substances, extracted fractions of carbohydrates, proteins, and lipids rep-
resent the soluble components. Lipids are particularly attractive due to their
high theoretical methane potential, yet excessive lipid content can impede mi-
croorganism activity (Ponsa et al., 2011). In contrast, proteins exhibit higher
hydrolysis rates, leading to accelerated methane production, although an abun-
dance of proteins can result in nitrogen excess (Neves et al., 2008). In Sweden,
one type of feedstock that has gained attention is horse manure, primarily be-
cause of its abundance and specific nutrient characteristics (Monch-Tegeder et
al., 2014; Svenska Ridsport Férbundet, 2016; Wartell et al., 2012). For exam-
ple, Eriksson et al. (2016b) compared different treatment technologies for
horse manure and found that anaerobic digestion performs better in terms of
global warming potential.

A couple of essential macronutrients for microorganisms are carbon (C) and
nitrogen (N). Ensuring an ideal C:N ratio is another crucial element that im-
pacts biogas yields. Inadequate ratios can result in problems like the buildup
of total ammonia nitrogen (TAN) or the rapid consumption of nitrogen by
methanogens, ultimately leading to reduced gas production (Li et al., 2011;
Zeshan et al., 2012). The optimal C:N ratio typically falls within the range of
20 to 35, with 25 commonly employed (Mao et al., 2015). Co-digestion, the
process of digesting various feedstock types in the same digester chamber, is a
strategy that can be used to adjust the C:N ratio at an optimum level (Bao et
al., 2023). Additionally, the selected feedstock should then be biodegradable,
with a low proportion of lignocellulosic material, and maintain a balance in
macro- and micronutrients (Kothari et al., 2014). SS-AD addresses challenges
encountered in L-AD, including issues related to floating and stratification of
fibers, making it particularly suitable for handling high solids biomass. Other
advantages are the reduced energy requirements for heating and minimal di-
gestate production (Brown et al., 2012). However, there can also be disad-
vantages to using feedstock with a high solid content, leading to a lower me-
thane yield. One contributing factor is the restricted diffusion pathways, which
can cause sugar accumulation and hinder substrate hydrolysis (Cui et al.,
2011). Additionally, decreased mass transfer reduces substrate accessibility to
microbes. Moreover, a reduction in microbial hydrolysis rate can occur within
a range of 10% to 25% TS, and physical limitations related to liquid/gas mass
transfer can arise at 30% TS (Abbassi-Guendouz et al., 2012).

2.1.2. Capacity and digestion configuration

Laboratory and small-scale processes are commonly used to investigate the
methane potential of specific feedstocks, providing greater flexibility in imple-
menting pre-treatments (Angelidaki et al., 2009; Guendouz et al., 2010). These
pretreatments offer better control over the levels of non-degradable compounds
like lignin and facilitate the breakdown of cellulose and hemicellulose to ex-
tract soluble sugars, potentially enhancing methane yield. One common exam-
ple of such scale processes is the biomethane potential (BMP) test. BMP tests
are employed to assess the biodegradability of specific feedstocks, their poten-
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tial for methane production (Angelidaki et al., 2009), and the influence of com-
plex organic components in the feedstock, such as lignocellulosic materials.
To conduct these tests accurately, precise control over various operational pa-
rameters is necessary. These parameters can include the inoculum/substrate ra-
tio, temperature, quantity of lignocellulosic materials, HRT, and others
(Angelidaki et al., 2009; Lesteur et al., 2010). Large-scale plants, on the other
hand, can range in volume from hundreds to thousands of cubic meters, treat-
ing a variety of feedstocks usually in co-digestion settings (Energigas Sverige,
2023; Kumaran et al., 2016; Schimpf et al., 2013). Positioned between small-
and full-scale biogas plants, pilot-scale are commonly used to evaluate the be-
havior of possible feedstocks and to assess their feasibility for upscaling to
larger volumes (Rathnasiri, 2016). Achieving similar outcomes in full-scale
processes as in the small-scale can be challenging due to limitations in special-
ized equipment, and the additional energy required for pre-treatments (Kothari
etal., 2014).

In addition to this, full-scale SS-AD processes can have various reactor con-
figurations, primarily as single-stage and “garage” type reactors, as well as
plug flow reactor types (PFR) (Illmer & Gstraunthaler, 2009; Li et al., 2018).
On the other hand, for L-AD, the commonly used configuration is the contin-
uous stirred tank reactor (CSTR) type (Bolzonella et al., 2003). Both SS-AD
and L-AD processes can operate under mesophilic conditions (around 35°C)
or thermophilic conditions (around 55°C). The main difference between the
PFR and CSTR models is that the latter maintains a constant concentration
throughout the reactor due to complete mixing, while the PFR has radial mix-
ing that results in the concentration being dependent on its position within the
reactor (Levenspiel, 1999). During reactor design, both mass conservation and
reaction rate principles should be applied. More specifically, when analyzing
a system under SS-AD conditions, the effective volume of the reactor is af-
fected by the mass removed as biogas (Jewell et al., 1993). In that regard, the
reactor design equation should consider the removal or loss of biogas using the
fermentation stoichiometry equation that represents the water hydrolytically
consumed during biogas production.

Other operational parameters are important when evaluating the perfor-
mance of a biogas system. One such parameter is the OLR, which quantifies
the amount of volatile solids (VS), representing the organic substances, intro-
duced into a digester over a given period in continuous feeding. Typically, an
increase in OLR is indicative of higher methane production potential. How-
ever, incorporating a significant amount of daily fresh feedstock can bring
about alterations within the digester, potentially causing temporary inhibition
in the initial fermentation stages (Mao et al., 2015). Another critical factor is
HRT, which represents the average duration of feedstock residence in the re-
actor. HRT is significant because it determines the average time available for
the digestion process (Kumaran et al., 2016). Moreover, evaluation of perfor-
mance of SS-AD and energy efficiency when operating at thermophilic condi-
tions is important due to the energy input required to keep the operation tem-
peratures inside the digester (Ge et al., 2016).

11



2.1.3. Renewable energy generation

Biogas can be efficiently utilized for electricity and heat generation by com-
busting it in engines or turbines, or through supply to fuel cells. Moreover, with
an upgrading method, it can serve as vehicle fuel, providing an alternative to
fossil fuels for transportation needs (Leonzio, 2016; Vo et al., 2018).

2.1.3.1. Electricity and heat production

Internal combustion engines (ICEs) are usually used in CHP systems (Sun et
al., 2015), and their electrical efficiencies are determined through the combus-
tion of a hydrocarbon (fuel) (Carrette et al., 2000). Moreover, the heat gener-
ated as a byproduct in this process can be harnessed and employed for heating
needs. In more sophisticated setups, this surplus heat can be employed to pro-
duce steam for various uses such as industrial processes or district heating sys-
tems. Different sizes of biogas plants with installed capacities of 29 to 2,425
kW, showed different electricity efficiencies ranging from 30.7 to 40.6% re-
spectively, assuming that the electrical efficiency increases with the size of the
plant (Walla & Schneeberger, 2008). In another work, the calculated net effi-
ciencies for electricity and heat of a biogas plant producing 636 Nm>piogas/day
were 20.4% and 12.5% respectively, with a total efficiency of 30.4% (Wu et
al., 2016).

Fuel cells offer a distinct advantage over traditional combustion processes,
as they directly convert the chemical energy of a fuel into electrical and heat
energy without emitting pollutants into the atmosphere (Behling, 2013;
Gandiglio et al., 2020). The advantages of high-temperature fuel cells enable
internal hydrogen conversion, with methane reforming occurring at tempera-
tures around 600-700 °C (Behling, 2013; Chiodo et al., 2015; Gandiglio et al.,
2020; Siefert & Litster, 2014). SOFCs for example, have the capability of on-
site methane reforming due to their higher operational temperature, 600-800
°C and 650-1,000 °C respectively (Behling, 2013; Carrette et al., 2000; Sun et
al., 2015). For SOFC, it is important to maintain the CO, concentration as low
as possible since it could act as a dilutant (Sun et al., 2015). Disadvantages of
high-temperature fuel cells include challenges controlling gas and heat flows
across the fuel stack, long start-up times, and high material costs
(Budzianowski, 2016; Mehr et al., 2021; Siefert & Litster, 2014). SOCFs pre-
sent electrical efficiencies ranging from 40% to 65% with total efficiencies of
70% to 90% when including the recovered heat (Mehr et al., 2021). In a previ-
ous study, the maximum useful energy generated by various biogas-to-elec-
tricity technologies operating at a | MW, biogas production scale was inves-
tigated. The study reported efficiency yields of 19% for micro gas turbines,
26% for ICE, and 58% for SOFC (Siefert & Litster, 2014).

2.1.3.2. Biomethane

There is a growing trend in bio-sourced gas production plants focusing on the
production of biomethane instead of biogas. Biomethane is viewed as a versa-
tile energy carrier suitable for various sectors, including transport, industry,
power, and heating (Bioenergy Europe, 2022). Upgrading biogas to enhance
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its methane content, usually called biomethane, can be done using several
methods, including water scrubbing, pressure swing adsorption (PSA), mem-
brane separation, and chemical absorption, among others. The selection of the
appropriate upgrading technology depends on the quality of the biogas and the
desired methane content. Chemical absorption with amine as a solvent has
been widely used since it has high CO, selectivity and low methane losses
(Bauer et al., 2013; Sanchez Bas et al., 2022; Sun et al., 2015). The process
operates at atmospheric pressure, and its efficiency can reach up to 98% in
terms of CO; recovery. The regeneration of the absorbent incurs heat consump-
tion of around 0.55 kWh/Nm?® which could account for up to 30% of the total
energy consumption, with electricity consumption of about 0.14 kWh/m?3
(Bauer et al., 2013; Garcia et al., 2022). Currently, biomethane can be used as
vehicle fuel following the obligation specified in Article 25 of the Renewable
Energy Directive (RED) (European Commission, 2022). The purity of the bi-
omethane for use in vehicles should be approximately 97% methane and
cleaned from other contaminants such as siloxanes and sulphur (f3, 2016;
Swedish Standards Institute, 2017). After upgrading, biomethane can be trans-
ported in the form of compressed biogas (CBG) or liquified biogas (LBG).
CBG is compressed to 200 bar with an associated energy consumption ranging
from around 0.02-0.03 kWh per MJ of biomethane, and about 0.03-0.04 kWh
for LBG (Dahlgren, 2022; Gustafsson et al., 2020). Nevertheless, it is im-
portant to note that biogas may not be a feasible transport fuel option in all
regions, especially where substrate availability is limited (Lundmark et al.,
2021).

As an example, Wu et al. (2016) stated that biomethane exhibits higher en-
ergy efficiency compared to the system using CHP and SOFC pathways. This
difference arises because biomethane is directly obtained from the upgrading
process, while the biogas utilization system with CHP and SOFC pathways
generates electricity and heat as output energy carriers through secondary con-
version, which is discounted compared to the biomethane fuel. Furthermore,
the biogas CHP and SOFC pathways consume some of the output energy to
fulfill the system’s energy requirements. Nevertheless, the total plant effi-
ciency of the system utilizing the SOFC pathway exceeds that of the CHP path-
way by 2.5%.

2.1.4. Biofertilizer production

The digestion process also produces a nutrient-rich product suitable for use as
a biofertilizer. In Sweden, almost all digestate is utilized in agricultural land,
reducing the need for conventional fertilizers and imported phosphorus (P)
(Energimyndigheten, 2021). The main application for digestate is its direct use
as biofertilizer, however, the amounts typically produced in biogas systems are
usually larger than the required land area (Farghali et al., 2022). In that sense,
separation into solid and liquid fractions is commonly used to reduce the vol-
ume, storage, and costs of transportation (IEA Bioenergy, 2012). Regarding
the digestate analysis, the Swedish regulation (SPCR120) regarding the use of
digestate as organic fertilizer considers certain limits. These limits are set at 22
kg of P/haly, calculated as a five-year average, and 150 kg NH3/NH4'-/ha/y
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(with a maximum of 170 kg NH3/NH4"-/ha/y depending on soil type) (Avfall
Sverige, 2007). According to the SPCR120 regulation, when applying diges-
tate as fertilizer, it is important to adhere to specific values for heavy metals.

2.1.4.2. Liquid digestate

The liquid fraction of digestate is characterized by its high content of total ni-
trogen (TN), typically in the range of 65-75%, ammonium nitrogen (NH4-N),
which can be as high as 70-80%, and potassium (K), also ranging from 70-
80%, 70-80% (Akhiar et al., 2017; IEA Bioenergy, 2015). This liquid biofer-
tilizer offers a viable alternative to conventional fertilizers for supporting fruit
and vegetable growth. However, elevated ammonium levels can be harmful to
plants, especially highly sensitive crops like tomatoes, when concentrations
exceed approximately 10% of the total nitrogen (Stoknes et al., 2016). Conse-
quently, various studies have emphasized the need for a nitrification process
when applying digestate (Pelayo Lind et al., 2021; Sonneveld & Voogt, 2009).
For instance, Bergstrand et al. (2020) stated that the use of liquid digestate as
a biofertilizer for the cultivation of vegetables, pak choi, in hydroponic green-
houses could be feasible after post-processing such as the nitrification of the
digestate. Interestingly, the ammonium content can be advantageous for fos-
tering microalgal growth, representing a valuable resource for the production
of biochemicals and biofuels (Xia & Murphy, 2016).

2.1.4.1. Solid digestate

In addition to climate change, soil degradation stands as one of the most press-
ing environmental problems we currently face (Matustik et al., 2020). In that
sense, soil amendments can be used to improve soil quality with respect to both
its structural composition and biochemical functioning (Maiti & Ahirwal,
2019). Among these, organic soil amendments are those derived from the de-
composition of biomass such as manure or digestate. The valuable nutrients
present in the solid fraction of digestate make it a good option for soil amend-
ment. These organic amendments are rich in organic matter as well as micro-
elements (Ca, Fe, and Zn) and macroelements (C, N, P, and K), which can
increase soil fertility and promote microbial growth (Maiti & Ahirwal, 2019;
Palansooriya et al., 2023; Stanturf et al., 2021). Particularly, the solid fraction
of the digestate is primarily characterized by significant quantities of organic
matter as volatile solids (VS), 55-65%, P, 55-65%, and carbon (C) (IEA
Bioenergy, 2015). Consequently, solid-liquid separation represents a viable
option in situations where the application of phosphorus to nearby farmland is
limited, allowing for the transportation of the solid phase to regions facing a
phosphorus deficiency (Feiz et al., 2022). Regarding the analysis of solids, in
the evaluation presented by Akhiar et al. (2017), it was found that the solid
fraction of digestate has the highest variability in comparison with the other
fraction in terms of VS/TS ratio, i.e., 37% to 77%, the figure of 37% being
related to feedstocks with high biodegradability such as fruits and vegetables.
And, for specific PFR conditions, a ratio, VS/TS, was found between 51% to
78%, mainly corresponding to agricultural feedstocks and municipal solid
waste.
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To convert solid digestate into a suitable soil amendment, techniques like
composting can be used, or alternative post-treatment methods that ensure ma-
turity and a reduction in phytotoxicity (Lu & Xu, 2021; Marcato et al., 2009).
An alternative option for utilizing solid digestate involves its processing into
pellets. These pellets can replace conventional fertilizers, offering the ad-
vantage of reducing emissions during the spreading phase as compared to not
having any post-treatment to the digestate (Eriksson et al., 2016a). Producing
pellets offers additional advantages such as diminishing volume and generat-
ing a marketable product, similar as for soil amendment. However, a drawback
lies in the energy demand for the drying and pelletization process, which can
be as high as approximately 60 kWh per tonne of digestate (Bisaillon et al.,
2010).

2.2. Synergies with biogas systems

The concept of biogas systems has been discussed by various authors, each
presenting different approaches. For instance, Feiz et al. (2020) have outlined
a comprehensive framework for defining system boundaries within the context
of biogas production systems. This framework consists of several distinct lev-
els, each addressing specific aspects of the system. At the core is the biogas
plant level, which encompasses all activities related to digestion, gas treatment,
and digestate handling. Expanding on this, the extended biogas plant level in-
cludes factors in the transportation to and from the biogas plant, considering
the broader logistics involved. Moving upstream and downstream, the biogas
production system level encompasses processes linked to the utilization of bi-
ogas products. Lastly, the biogas production system plus substitution effects
level introduces a system expansion, incorporating considerations such as the
substitution of biomethane and digestate for mineral fertilizers and fossil fuels.
This framework offers a comprehensive approach to defining the scope and
boundaries of biogas systems, facilitating a thorough assessment of their envi-
ronmental and operational aspects. Olsson and Fallde (2015) argue that the bi-
ogas system is dynamic, with no well-defined boundaries. Instead, it is driven
by the need to address specific issues, such as WM services, a solution to air
pollution through the use of biogas, or to address energy crises, among others,
making biogas systems a complex system to study, involving various actors.
Incorporating the concept of the circular economy into the perspective of bio-
gas systems suggests that biogas offers much more than just a renewable fuel.
This perspective proposes several additional product benefits, including the
production of biofertilizers, the establishment of local circular economic cy-
cles, and enhanced energy security. Due to these advantages, the concept of
biogas solutions is sometimes utilized (Hagman & Eklund, 2016; Ottosson et
al., 2020).

Biogas systems can provide additional resources for food production sys-
tems beyond digestate. For instance, the raw biogas can be introduced into a
CHP system to produce both electricity and heat. Additionally, the CO; stream,
separated from the biogas, can be utilized to improve the growth of plants. In
that sense, biogas systems can be designed to capture and utilize biogenic CO,
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from the biogas upgrading that can be used in various industrial applica-
tions(Cordova et al., 2022). Some authors have named this process as the pre-
combustion pathway for the enhancement of biogas (Garcia et al., 2022). The
capture and utilization of CO, derived from biogas production hold substantial
environmental advantages, potentially transforming it into a negative emis-
sions technology. Through the capture of CO, that would otherwise be released
into the atmosphere, carbon capture and utilization (CCU) has the potential to
decrease overall GHG emissions associated with the production of biomethane
(Varling et al., 2023). The potential applications for CCU are wide and include
the production of bio-based chemicals, materials, and fuels (IEA, 2019). In the
same context, carbonation of ashes from incineration could be an option for
both capturing CO; and valorizing the ashes for the possibility of creating a
new product (Nam et al., 2012; Rendek et al., 2006; Schnabel et al., 2021).

As previously stated, biogas and food production systems, by their nature,
can create interconnections between their main products (Kervroédan et al.,
2022; Mirata et al., 2017). The waste generated in the food industry such as
greenhouses can vary in composition, but focusing on processing leaves and
branches as feedstock for an SS-AD plant can be advantageous (Li et al., 2018,
2016; Maaoui et al., 2020; Stoknes et al., 2016). This waste typically exhibits
fibrous characteristics, is relatively dry, and has the potential to provide struc-
tural support within the digester’s waste matrix. For instance, Li et al. (2016)
analyzed the co-digestion of tomato residues with dairy manure and corn
stover, resulting in an increase in the methane yield of 415 L/kgys, while inhi-
bition occurred when adding more than 40% of tomato residues in the input
mixture. Other system analyses of biogas systems with some form of integra-
tion with their products and other areas/industries have been evaluated. For
example, Lindkvist et al. (2019) explored five food industry cases under dis-
tinct scenarios, encompassing by-product use, anaerobic digestion, and heat
and power generation. Varling et al. (2023) performed an LCA for biogas sys-
tems, encompassing biogas combustion, the process of upgrading to natural
gas quality, CCUS, direct utilization of CO2, and methanation.

2.3. Environmental systems analysis

Environmental systems analysis employs a systems approach to describe and
assess the environmental impacts of various activities. In this context, a system
comprises two or more interacting components within a shared domain work-
ing toward a common goal or function (Bjorklund, 2000). Systems are not iso-
lated but linked to others through inputs and outputs (Boyd, 2001), making the
behavior of one component affect others within the entire system. Addition-
ally, systems analysis is usually performed as a sequential activity by integrat-
ing various levels of analysis of different sub-systems. LCA is a methodology
for assessing the possible environmental effects of a product over its entire life
cycle (ISO, 2006), which consists of four primary stages: definition of goal and
scope, inventory analysis, impact assessment, and interpretation (Azapagic,
2018; IS0, 2006). As part of the inventory analysis, life cycle inventory (LCI)
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is a list of all different inputs and outputs from the processes studied. The re-
sults of the LCI are a comprehensive aggregation of the resources consumed
(inputs) and emissions generated (outputs) by the product throughout its entire
life cycle, relative to the defined functional unit (FU) (Finnveden et al., 2009).
As stated by Clavreul et al. (2012), decisions regarding attributional and con-
sequential LCA approaches and the inclusion of specific impact categories, are
considered methodological choices rather than uncertainties. On the other
hand, MFA is a method used to analyze and quantify the flow of materials
through systems. In a more specific definition, MFA is a systematic assessment
of flows and stocks of different materials through a certain period in a certain
region, where materials can be defined as chemical elements, compounds,
products, etc. (Azapagic, 2018).

As biogas systems are integrated into diverse contexts, challenges related
to feedstock quality, the correct management of digestion operation parame-
ters, and overall profitability can commonly appear (Ammenberg & Feiz,
2017). In this context, adopting a systems analysis approach which studies the
interconnections between different components or areas, proves advantageous
(Boyd, 2001; Kondusamy et al., 2021). Moreover, utilizing analytical model-
ing and simulation tools offers numerous benefits when evaluating the envi-
ronmental performance of integrated solid WM technologies from a systems
analysis perspective. These tools not only save valuable time and resources by
reducing the need for extensive real-world testing but also simplify the evalu-
ation process, thereby minimizing costs associated with implementing and test-
ing various strategies (Shiflet & Shiflet, 2014).

Several specific environmental systems analysis tools have been developed
to analyze waste management systems. These tools include EASETECH (En-
vironmental Assessment of Solid Waste Systems and Technologies) (Clavreul
et al., 2014; Kirkeby et al., 2006), ORWARE (ORganic WAste REsearch)
(Dalemo et al., 1997; Eriksson et al., 2002), IFEU (UMBERTO) (Gémez &
Amelung, 2004), WRATE (Waste and Resources Assessment Tools for the
Environment) (Gentil, 2006), IWM2 (Integrated Waste Management)
(McDougall et al., 2001), WISARD (Waste Integrated Systems Assessment
for Recovery and Disposal) (Kirkeby et al., 2006), LCA-IWM (The Use of Life
Cycle Assessment Tool for the Development of Integrated Waste Management
Strategies for Cities and Regions with Rapid Growing Economies) (den Boer
et al., 2007), EPIC/CSR (Environment and Plastics Industry Council, Corpo-
rations Supporting Recycling) (McDougall et al., 2001) and MSW-DST (Inte-
grated Solid Waste Management-Decision Support Tool) (Thorneloe et al.,
2007; Weitz et al., 1999), most of which are extensively documented in litera-
ture. These models are capable of handling various waste fractions simultane-
ously, enabling the modeling of complete systems. One of the main advantages
of using ORWARE lies in its flexibility to modify sub-models and process
units, as well as the option for changing the mathematical model equations
governing the material and mass flow at a process level, making the model
adaptable to different scenarios. ORWARE also allows the study of different
pre-treatments to enhance specific waste treatment methods (Carlsson et al.,
2015). Moreover, prospective studies and the integration of waste treatment
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into other systems, such as district heating energy systems, have also been re-
alized (Eriksson et al., 2014). Other WM systems analysis using ORWARE
are described in the following references: Assefa et al. (2005b); Baky &
Eriksson (2003); Bjorklund et al. (1999a), (1999b); Dalemo et al. (1998);
Eriksson et al. (2016a), (2016b), (2005); Eriksson & Baky (2010); Hadin et al.
(2017); Hansen et al. (2006).

In assessment studies, results are inevitably affected by uncertainties origi-
nating from factors such as data variability, measurement errors, inaccurate
estimations, missing or unrepresentative data, and modeling assumptions
(Gentil et al., 2010). Huijbregts (1998) categorized LCA uncertainties into pa-
rameter uncertainties (arising from inherent variability, measurement impreci-
sion, or data limitations), scenario uncertainties (resulting from choices made
when constructing scenarios), and model uncertainties (related to the mathe-
matical equations employed in LCA calculations). Epistemic uncertainty is
linked to limitations in data collection, measurement, and modeling due to gaps
in knowledge and understanding, potentially introducing bias or imprecision
into the analysis (Clavreul et al., 2012). This often necessitates improved meas-
urement techniques and a deeper comprehension of the system under investi-
gation. Sensitivity analysis is a common modeling approach used to gauge how
alterations in input variables influence model outcomes, while scenario analy-
sis systematically modifies assumptions to assess their impact (Bjorklund,
2000; Clavreul et al., 2012). In contrast, stochastic uncertainty arises from the
intrinsic variability of natural systems or processes, characterized by random-
ness or probabilistic behavior. Statistical analyses are employed to quantify
and comprehend the extent of variability within the studied system.
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3. Materials and methods

This thesis utilized a systems-oriented approach to investigate the potential for
biogas and digestate production in a specific system. The analysis involved
multiple levels of examination, focusing on material and energy flows and their
environmental impacts. To achieve a thorough understanding of the process,
various methods were utilized, including MFA, substance flow analysis (SFA),
and LCA. The ORWARE model, which is a model to evaluate different WM
technologies, served as the primary tool in papers II, III, IV, and V. To gain
insight into the key factors and parameters required for optimizing the system,
a literature review was conducted due to the limited availability of scientific
information on the specific technology of AD process under solid-state condi-
tions at that time (Zhang et al., 2016). Paper [ is then a literature review focus-
ing on the methane yield at various SS-AD scales, using a content analysis
approach. Furthermore, a literature analysis was done for the purpose of ob-
taining input data for the different methodologies such as the MFA and LCA
performed in the appended papers. Also, relevant documentation and statistics
from various institutions were consulted whenever applicable.

To collect additional data for modeling, simulation, and result analysis, a
variety of communication approaches were utilized. These methods included
conducting personal interviews, engaging in direct one-on-one discussions,
participating in meetings, and exchanging emails with the biogas plant staff
members and executives. The main purpose of these interactions was to gather
operational data and other relevant input, while also gaining valuable insights
into the company’s production methods and practices. Additionally, efforts
were made to establish contact with farmers who utilize the biogas plant’s bi-
ofertilizer to understand their specific application procedures for crops. More-
over, insights into greenhouse operating conditions were shared with other
companies in the same field.

3.1. Content analysis

Paper I corresponds to a literature review that aims to consolidate existing re-
search on SS-AD processes at different operational scales: small/laboratory,
pilot, and full-scale. The main focus was to systematically assess what factors
influence the methane yield at the mentioned scales and what possible strate-
gies there are to improve it. The content analysis method was then chosen to
be the primary approach for the literature assessment. This is a mixed method
that aims to classify patterns, themes, and key concepts, and to identify the
conceptual content of a particular topic of analysis, in addition to contributing
to the development of new insights in the field (Seuring & Miiller, 2008).
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The content analysis methodology includes material collection, descriptive
analysis, category selection, and material evaluation (Philipp, 2014), see Fig-
ure 2. In gathering materials, only academic sources including books and peer-
reviewed articles published in scientifically indexed journals from databases
and search engines like Scopus, ScienceDirect, and Google Scholar were ex-
amined. The selection of categories was guided by keyword searches focused
on dry-AD and SS-AD processes, feedstock type, process scale, methane yield,
factors influencing methane yield, and enhancements or improvements. After
reviewing the collected material, 37 articles were chosen under the aforemen-
tioned criteria, as shown in Table 2.

Definition of the material

l

Direction of the analysis

]

Definition of content analytical mnits

l

Analyzing and structuring the material

l Feedback loop

Re-checking the category system

]

Interpretation of the results

Figure 2. General content analysis procedural method, adapted from Philipp (2014).

Table 2. Sampled articles (x37) for SS-AD configurations.

Scale Article number (n) n/37

Small-scale (0.17-50 L) 19 51.3%
Pilot-scale (0.69-53 m?) 7 18.9%
Full-scale (735-2,200 m?) 11 29.7%

Information was restructured for the sake of comparison, such as the conver-
sion of units. It also included the distinctive properties of the feedstocks, such
as TS and VS, as well as key components like carbohydrates, proteins, and
lipids.

The quantitative part of the analysis of the data was done with the open-
source BoxPlotR. The box plot served as a graphical representation of the nu-
meric information, in this case, data about methane yield, HRT, temperature,
and OLR, between the different scales. This method was selected as it is robust
in the presence of skewness and outliers. In this case, it contains information
about the median and interquartile range. Therefore, it is a good method to use
since data of methane yield, for example, depends on different parameters,
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making it a data set with extreme values, sometimes being difficult to compare
among processes, e.g., different feedstock’s origins, scales, operational tem-
perature, etc. The box limits were indicated with the 25th and 75th percentile,
and whiskers extended 1.5 times (Nuzzo, 2016).

3.2, Systems studied and assumptions

The base case study corresponds to a full-scale AD plant located in Forsbacka,
Sweden, and owned by Géstrike Ekogas AB. The general process diagram can
be seen in Figure 3, starting from the pre-treatment of the feedstock to the pro-
cessing of the digestate and biogas. Collection and transportation of waste from
the source to the AD plant were excluded from the analysis. This plant works
under SS-AD conditions with a variety of feedstocks like biowaste, BW,
(mainly food waste), green waste, GW (mainly grass, leaves, small branches,
etc.), food slurry, and grease waste, FS/GS, and horse manure. The main design
characteristics of the process are presented in Table 3.
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Figure 3. Process diagram of the full-scale SS-AD plant at Forsbacka, Gavle, Sweden.
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Table 3. Design parameters of the studied SS-AD plant (Théni, 2016).

Parameter Amount/Description
Waste treatment capacity (tonne/year) 25,000
Digester volume (m?) 2,250
Retention time (days) 36
Operational temperature (°C) 55

Total solids (%) 27

Raw gas (m?/year) 4,400,000
Liquid digestate (tonne/year) 13,500

Solid digestate (tonne/year) 3,500

At the time that this research started, the biogas plant had not yet worked at its
full capacity, therefore, the type of feedstock and quantities varied from paper
to paper as shown in Table 4.

Table 4. Feedstocks analyzed in different papers.

Feedstock in tonnes per Paper 11 Paper 111 Paper IV Paper V

year®

Biowaste 11,341 11,341 15,000 18,483
Green waste 2,835 2,835 2,200 2,500
Food slurry/Grease sludge 632 632 200 243
Structural material** - - 2,300 -
Horse manure - - 670 1,096
Wood chips as bedding - - 330 540
Slaughterhouse waste - - 50 25
Total waste 14,808 14,808 20,750 22,887

*The amounts of feedstock represent only the base-case scenario for each paper.
**Structural material is waste that could not be degraded and used as a recycled waste
input for the digestion process.

The amount of feedstock was adapted for each paper during the research time.
Moreover, in paper 11, the proportions of BW and GW were changed from 100-
0% to 0-100%, the temperatures between 45 °C and 70 °C, and changes in
HRT from between 10 to 60 days. These variations were performed as part of
a sensitivity analysis. In papers III and IV, different types of feedstocks and
their effects on the methane yield were studied. In paper 11, different quantities
of horse manure were incorporated along with their corresponding proportion
of bedding material, which accounted for approximately one-third of the total
mixture. The study examined two types of bedding, namely wood chips, and
straw, see Table 5.
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Table 5. Different feedstocks analyzed in scenarios (Sc) in paper Ill.

Feedstock (t/year) Sc A ScB Se C Se D
Biowaste 11,341 11,341 11,341 -
Green waste 2,835 - - -
FS/GS 632 632 632 632
Horse manure - 2,126 2,126 10,632
Wood chips - 709 - 3,544
Straw - - 709 -

In paper 1V, the addition of waste from a hydroponic greenhouse growing to-
matoes was analyzed. The hydroponic greenhouse corresponds to a model
based on different assumptions such as a size of 2 ha, tomato yield of 84.4
kg/m?, and an estimated waste generation of about 17 kg/m?, mainly composed
of green leaves and small branches. The analyzed systems and their connec-
tions are represented in Figure 4.
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Figure 4. Connections between the anaerobic digestion system and the greenhouse
system.

In paper V, the integration of secondary waste technologies such as incinera-
tion and landfilling was studied in addition to the AD process. Incineration of
contaminants such as plastics in the input feedstock and the solid fraction of
the digestate (assumed to contain significant impurities and unsuitable for use
as a biofertilizer) were included, see Figure 5. Consequently, landfilling was
employed to treat the ashes generated from the incineration facility. Alternative
scenarios were developed, including pre-sorting of impurities/plastics, ena-
bling the reuse of the solid fraction of the digestate as a soil amendment or as
pellets, Figure 6. Furthermore, different applications of biogas, such as LBG,
and the generation of heat and electricity, were explored as illustrated in Figure
7. Cleaning of the biogas is done by a chemical absorption technology, heat is
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supplied by a gas boiler, and the electricity and heat are produced with a SOFC
process and CHP system. For papers IV and V, it was assumed that CO can
be recovered after the upgrading of the biogas. In paper IV, CO; is considered
to be used for growing enhancer in a greenhouse, while for paper V the cap-
tured CO, was assumed to be utilized in the maturation of ashes produced in
the incineration of the rejects of the feedstock (impurities/plastics).
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Figure 6. Representation of scenarios 1 and 2, for paper V.
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Figure 7. Representation of scenarios 3, 4 and 5, for paper V.
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Regarding the composition of the feedstock used in the simulations, Table 6,
the low values of heavy metals contributed to the expectations of not exceeding
the permissible limits specified in the regulation. These values were provided
as averages from the representative component of different feedstock, obtained
from the ORWARE dataset.

3.3. The ORWARE model

The ORWARE model is a software tool developed in MATLAB and utilizes
the Simulink interface to analyze the environmental and economic systems of
various WM strategies (Dalemo et al., 1997). It can calculate the energy bal-
ance, emissions, and products generated by WM alternatives. The model con-
sists of sub-models that focus on specific WM methods such as incineration
with energy recovery, sanitary landfill, composting, and AD. It also includes
the transport of the waste and use of compost or biofertilizers (Eriksson et al.,
2002). ORWARE considers factors such as nutrient composition, carbon con-
tent, water content, as well as TS and VS among others. In this sense, the model
employs a dataset of 74 substances that describes all composition flows in the
system. By utilizing this dataset as input, the sub-models can calculate the turn-
over of materials, energy, and financial resources. The sub-models and mate-
rial flows, represented as arrows, can be seen in Figure 8. ORWARE utilizes
substance flow analysis (SFA), MFA, and LCA as the main methodologies for
environmental impacts and material resources analysis. The WM system of
Stockholm and Uppsala served as references for the construction of the original
sub-models. However, these sub-models are designed to be adaptable and can
be modified to suit any chosen WM system, whether it currently exists or as a
hypothetical system. In practice, the sub-models are not limited to specific sce-
narios and offer flexibility in their application to different WM contexts
(Eriksson et al., 2002).

In ORWARE, different subcategories are defined in order to simplify the
analysis of various WM. Waste collection, transport, incineration, landfill,
composting, and AD among others, represent the core system. The resources
to the core system are represented as the upstream process, while the waste-
derived products are part of the downstream process (Assefa et al., 2005a). The
comparison between scenarios/ WM alternatives should be the same, however,
depending on the design of the scenarios, output-related functional units may
be included. To maintain consistency in functional units across all scenarios, it
becomes necessary to expand the system to incorporate the compensatory sys-
tem. Representation of the WM systems together with the different processes
adapted to this thesis is illustrated in Figure 9.
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Figure 8. Graphical representation of the ORWARE model in the Simulink interface for
this thesis.
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Figure 9. Waste management systems in ORWARE modified for this thesis and adapted
from (Assefa et al., 2005a). Note: Waste generation and its collection and transportation
were not included in this thesis.

The AD sub-model was initially designed based on the Continuous Stirred
Tank Reactor (CSTR) configuration, which is used to model a specific chemi-
cal reaction (Dalemo, 1996). However, in order to accurately represent the SS-
AD plant being studied, a new reactor design equation for a Plug Flow Reactor
(PFR) was necessary. A more detailed description of the utilized parameters
can be found in paper II. The newly added PFR design to the AD sub-model
was then used as the representative model for the base-case system, SS-AD
process, in papers III, IV, and V.
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3.3.1. Material flow analysis

Similar to the reactor design theory, MFA is based on the principle of mass
conservation, meaning that inputs, outputs, losses, and/or stocks must be bal-
anced. On the other hand, SFA is a specific type of MFA that tracks a particular
substance of interest. However, occasionally the two terms are used inter-
changeably (Azapagic, 2018). The objective of flow analysis is to identify any
missing or hidden flows within a system, track the origins of environmental
issues related to substances and materials across the lithosphere, biosphere, and
technosphere, and screen for potential concerns that warrant further investiga-
tion using other analytical methods (Bjérklund, 2000). When examining mul-
tiple substances or components within a system, it can be helpful to enhance
interpretation by converting flows of various substances into comparable met-
rics, such as aggregating them into environmental impact categories, a practice
commonly employed in LCA. In ORWARE, the material balance for specific
substances, e.g., carbon and nutrient content, and pollutants/emissions, are cal-
culated across the entire WM system, usually represented by arrows, see Figure
8. These calculations are based on the type of input dataset provided, e.g., type
of treated feedstock/waste, which in turn allows the calculation of energy, en-
vironmental impacts, and economics.

3.3.2. Life cycle assessment

For this thesis, the LCI database in ORWARE is constituted by different data
on peer-reviewed journal articles, technical articles, technical reports, and
other databases such as Ecolnvent (Assefa et al., 2005a; Dalemo et al., 1997;
Eriksson et al., 2002). The global warming potential 100 years (GWP100) was
based on the IPCC 2021 characterization method, while the rest of the indicator
categories used the midpoint CML-IA baseline V3.08/V3.06 characterization
factors.

One of the objectives of LCA is to describe the environmentally significant
physical flows to and from a life cycle and its component parts (Ekvall, 2020;
Finnveden et al., 2009). In the case of paper IV, this approach was employed
to assess the environmental impacts associated with tomato production within
distinct contexts, represented by scenarios and sensitivity analysis.
SimaPro/Ecolnvent served as the designated LCA tool for conducting this
study. Another aim of this methodology is to elucidate how environmentally
significant physical flows may alter in response to potential decisions
(Finnveden et al., 2009). In paper V, the LCA approach was utilized to deter-
mine the environmental consequences of various processing methods and end
uses for the products of the biogas system. As part of the aim, the identification
of critical processes and their relationships was crucial to facilitate potential
system improvements.

The functional unit (FU) serves as a standardized reference unit that defines
the system under examination, enabling the comparison of the performance of
various products or processes. The FU is typically defined in terms of the ser-
vice provided by the system and is used to normalize the impacts of different
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systems (ISO, 2006). In this thesis, the total amount of waste, presented in Ta-
ble 4, was analyzed, but the FU utilized in papers 11, III, and V was expressed
as 1 tonne of treated waste. Additionally, the output-related functional units for
paper V were included as a result of the different analyzed scenarios: compen-
satory heat and electricity, vehicle fuel, conventional fertilizers, and produc-
tion of cement. For paper IV, the FU was set to 1 kg of fresh bulk tomato.
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4. Results

In this chapter, the main findings and outcomes are presented derived from the
research aim and methodologies outlined in the previous chapters. To ensure
clarity and facilitate a structured understanding of the results, each section
within this chapter corresponds to a specific research question.

4.1. Methane yield at solid-state conditions: Factors &
parameters

Understanding anaerobic digestion with high solid content substrate involves
exploring how different factors influence methane yield, RQ1. Feedstock com-
positions vary significantly, each type having its distinct characteristics. Inves-
tigating how different feedstock compositions impact methane yield could give
insight into identifying the most promising mixtures. Additionally, methane
yield is closely linked to several operational parameters. Therefore, a compre-
hensive understanding of the interaction between feedstock composition and
operational parameters is important for improving the digestion process and
enhancing methane production. This part of the results corresponds to the first
studied level, SL1 in Figure 1.

4.1.1. Production scales and feedstock composition

As a starting point, it was essential to comprehend how the SS-AD process
works under different conditions. In paper I, a review encompassing different
processes across different scales was conducted. A total of 37 peer-reviewed
articles were selected, spanning from laboratory (small) to full-scale, as shown
in Table 2. From these articles, 45 cases were analyzed, indicating that methane
yield tends to be higher in small-scale settings compared to pilot and full-scale
cases, even with similar types of feedstocks, see Table 7.

Table 7. Feedstock type and maximum methane yield retrieved from the literature review,
paper .

Max. CHy yield

Scale Main feedstock type (mtys) Reference
Small-scale 55% food waste-45% crops 531 (from food (Qiao et al.,
(0.17-50 L) and lignocellulosic waste waste) 2011)
Pilot-scale (0.69- Mainly mixed waste as the 327 (Zeshan et al.,
53 m’) OFMSW* 2012)
Full-scale (735- Mainly mixed waste as the 400 (Bolzonella et
2,200 m?) OFMSW* al., 2006)

*OFMSW: Organic fraction of the municipal solid waste.
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Different feedstock types were analyzed in paper I, indicating that an SS-AD
process has the capability to utilize a wide range of them. The main feedstocks
include food waste, garden waste, agricultural waste, forest residues, and en-
ergy crops. Feedstocks also vary in their biodegradable content, primarily con-
sisting of organic materials like carbohydrates, lignocellulosic substances, pro-
teins, and lipids. Consequently, the methane potential differs based on the
quantities of these main components as presented in Table 8.

Table 8. Theoretical methane potential, adapted from Neves et al. (2008).

Time for 5.0% Methane yield Hydrolysis con-
Component methanation (m¥/tvs) stants (Kh values
(days) (day™)
Lipids 14.8 430 0.005-0.7
Proteins 5.9 390 0.015-0.8
Carbohydrates 3.0 370 0.025-2.0

Regarding the C/N, results in paper I show that C:N ratios ranging from 14 to
27 tend to yield the highest methane production, though slightly lower than the
ideal value often mentioned in the literature (Li et al., 2011; Mao et al., 2015;
Zeshan et al., 2012). Typically, feedstocks like crop waste contain significant
amounts of C, whereas feedstocks such as food waste or manure contain sub-
stantial amounts of N.

By examining the chemical composition of the feedstocks used in the pa-
pers (see Table 6), it becomes apparent that certain feedstocks possess desira-
ble components for biogas production. The comparison between different feed-
stocks and their chemical composition is presented in Figure 10. This compar-
ison was made by using values presented in Table 6. One such feedstock is
biowaste, which contains approximately 50% starch and sugars in comparison
to the other feedstocks, positioning it as an ideal feedstock, as highlighted in
paper II.
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4.1.2. Operational parameters

In paper I, it was suggested that by controlling the physical properties of feed-
stocks and adjusting operational parameters in the digestion process, higher
methane yields can be achieved. However, when comparing the temperature
process among the reviewed articles, the influence of thermophilic (~55 °C)
and mesophilic (~35 °C) conditions across scales gave inconsistent results. In
other words, it provided no clear relationship between the different tempera-
tures, the methane yield and the size of the process, i.e., small, pilot, and full-
scale. Nevertheless, individual scale analysis indicates a significant 22.6% in-
crease in methane yield under thermophilic conditions at full-scale compared
to mesophilic conditions, based on the statistical analysis presented in paper I.
Regarding the amount of TS inside the reactor, paper I proposes several im-
provements that can be implemented to address mass transfer limitations and
optimize the SS-AD process. These include the utilization of flow recircula-
tion, biogas recirculation, and premixing techniques.

Paper II simulated multiple scenarios to analyze the effects of feedstock and
specific operational parameters on the modified PFR configuration within the
anaerobic sub-model. It was noted that the model exhibits limited sensitivity
to HRT and temperature variations, but high sensitivity to composition of feed-
stock, specific to co-digestion of biowaste (BW), and green waste (GW), see
Figure 11.
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Figure 11. Sensitivity analysis for different parameters such as feedstock composition,
temperature and hydraulic retention time in paper II.

Additionally, there are various configuration modes for operating SS-AD pro-
cesses (André et al., 2018). In paper II, the results of methane yield in the dif-
ferent analyzed scenarios showed no significant differences between L-AD and
SS-AD.

4.2. Performance analysis in terms of biogas and
digestate for a full-scale SS-AD

This chapter presents results related to RQ2, proposing strategies to enhance
biogas and digestate production while minimizing input resources like materi-
als and energy at SS-AD plants. This part of the results corresponds to the
second studied level, SL2 in Figure 1.
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4.2.1. Co-digestion

Co-digestion processes, as proposed in the literature (Bao et al., 2023), are
strategies for balancing nutrients in the digester and enhancing biogas produc-
tion. In this sense, several scenarios were built to assess the model’s sensitivity
to changes in feedstock. From the results presented in paper II, the model was
found to be sensitive when analyzing changes in the proportions of feedstock,
specifically between BW and GW. Seven scenarios were constructed to ana-
lyze changes in proportions of feedstock, moving from 100% BW to 0% GW,
to 0% BW to 100% GW. These changes had a significant impact on electricity
and heat consumption, methane production, and the overall energy turnover.
BW, which contains a higher nutrient content compared to green waste GW,
as shown in Table 6, contributes significantly to methane production. Conse-
quently, when the proportion of BW in the input feedstock mix is reduced, it
is expected that the methane yield will decrease, as presented in Table 9.

Table 9. Sensitivity analysis of energy production based on different proportions of feed-
stocks in paper Il

Parameter (MJ/ttreated waste) Scl Se2 Sec3 Sc4 Sc5 Sc6 Sc7

Methane 4,000 3,574 3,091 2,853 2,616 2,145 1,620
Heat 305 314 -339 2352 364 -389  -413
Electricity 63 66 70 72 74 78 80
Energy turnover 3,600 3,156 2,640 2,386 2,133 1,630 1,076

Negative values represent the energy consumption in the AD process.

As described in section 2.1.1, when moving towards a more carbon-neutral
environment, efforts should be focused on finding sustainable feedstocks that
do not compete with food production and, at the same time, reducing the
amount of food waste. The simulation results presented in Table 10 demon-
strate that replacing GW with horse manure leads to an increase in methane
production and energy turnover, at least for scenarios B (Sc B) and C (Sc C).
This can be attributed to the distinctive characteristics of the feedstocks out-
lined in Table 6 and illustrated in Figure 12, where horse manure is shown to
have significantly lower lignin and cellulose contents compared to GW. In ad-
dition to the energy benefits gained by replacing GW with horse manure in
scenarios B and C, there is also a reduction in the requirement for fresh water
input. This reduction is due to the lower TS content of horse manure compared
to GW, Table 6.
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Table 10. Simulation results from the scenarios studied in paper lIl.

Parameter Sc A Sc¢B Sce C Se D
Methane (MJ/treated waste) 3,570 3,730 3,677 2,455
Electricity need (MJ/tireated waste) -61 -61 -61 =72

Heat need (MJ/ttreated Waste) -352 -353 -352 -436
Energy turnover (MJ/ttreated waste) 3, 156 3,3 16 3,264 1 ,947
Recirculation flow (t/year) 1,275 1,372 1,328 1,334

Fresh water for dilution

(L twaste) 4.4 0 0 304

It is important to note that horse manure consists of bedding materials such as
wood chips and straw, which contain substantial amounts of both lignin and
cellulose. In the model, lignin is classified as slowly degradable organics
(Dalemo, 1996). In the case of exclusive digestion of horse manure, as seen in
scenario D (Sc D), the advantages of replacing green waste (GW) are lost. In
such situations, there is a need for an alternative type of feedstock that can be
used in co-digestion and provide different components, such as proteins (Neves
et al., 2008), given the high cellulose content of horse manure plus bedding,
Figure 12.
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Figure 12. Comparison of different main carbon components and the biomethane produc-
tion in the studied scenarios in paper Ill.

4.2.2. Digestate processing

The results from the simulations from the comparison between L-AD and SS-
AD are presented in Table 11. The main distinctions between the scenarios are
the amount of liquid digestate, influenced by the addition of water to achieve
the low total solids (TS) content of 9% required by L-AD, and the utilization
of electricity and heat, resulting in the final energy turnover. As the L-AD pro-

35



cess requires more water, the handling of additional liquid during the dewater-
ing of the digestate increases electricity consumption. Additionally, there is
greater heat consumption required for heating the additional water. Despite
achieving similar values, the energy turnover is, on average, 10% greater for
SS-AD.

Table 11. Simulations results of SS-AD and L-AD in paper Il.

Scenarios Methane production EnT L-dig
(MJ/ twaste) (MJ/ twaste) (t/ year )

SS-AD

(HRT =36 d, T = 55 °C) 3,569 3,156 10,029

L-AD

(HRT = 15 d, T = 35 °C) 3339 2,849 39,000

L-AD

(HRT =15d, T =355 °C) 3,448 2,769 39,168

L-AD

(HRT =25 d, T = 35 °C) 3,460 2,936 39,185

ey 3,527 2,791 39,2903

(HRT =25d, T =55 °C)

Regarding the analysis of the digestate, the content of nutrients, mainly organic
carbon, TN, ammonia and ammonium nitrogen ratio (NH3/NH4*-N), P and K
were retrieved from the model for both liquid and solid fractions. The analysis
in paper III adhered to the Swedish regulations outlined in SPCR120 concern-
ing the application of digestate as an organic fertilizer, as discussed in section
2.1.4. The simulation results indicate that scenarios A and D may lead to nitro-
gen surplus when applying the liquid fraction of digestate, see Table 12. Only
the analysis of scenarios A and D is presented since scenarios B and C are
similar to each other and do not show the possible excess in nitrogen.

Table 12. Analysis of nitrogen in the digestate according to the Swedish regulations.

Total digestate including
both fractions (kg
NH3/NH4"-N-/haly)

155 39 104

515 130 261

Scenarios Liquid fraction (kg Solid fraction (kg
NH3/NH4s*-N-/haly) NH3/NH4"-N-/haly)

A
D

When considering the option of only spreading the solid fraction of digestate,
there may be a deficiency in nitrogen content, which could potentially fail to
meet the desired requirements. Implementing a post-treatment process for the
liquid fraction of digestate demands the consumption of energy and/or re-
sources. Opting for nutrient recycling in its most straightforward form involves
directly applying the entire digestate, bypassing the necessity for fraction sep-
aration. In the case of scenario A, the digestate already aligns with regulatory
stipulations. By avoiding any fraction separation, a potential for increasing the
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energy turnover could be achieved, that is, decreasing the electricity consump-
tion for the digestate processing by around 50%. However, in the case of sce-
nario D, the direct application of digestate is not optimal since it contains high
amounts of nitrogen. Further options for its use would be more suitable in such
cases.

4.3. Processing and utilization of SS-AD products and
their environmental impacts

This chapter focuses on the processing and utilization of biogas and digestate,
as well as their associated environmental impacts, addressing the scope of
RQ3. Within this context, papers IV and V present alternative pathways and
explore the interconnectedness between the SS-AD system and other relevant
systems. This part of the results corresponds to the final studied level, SL3 in
Figure 1.

4.3.1. Impact assessment of the use of biogas and digestate

Paper IV investigates the connections between a hydroponic greenhouse grow-
ing tomatoes and the SS-AD plant. The key connections established between
the two systems involve the utilization of biogas as a heating and CO; source
in the greenhouse, while the digestate serves as a valuable organic fertilizer.
Results are divided into two parts, the first one dealing with MFA findings,
while the second part deals with the environmental impacts from a LCA per-
spective. In addition to this, the analysis considered two main scenarios: the
reference system, which represents a hydroponic greenhouse with typical in-
puts and outputs commonly found in Sweden, and the combined system, rep-
resenting connections between the greenhouse and an SS-AD plant, Figure 4.

According to the simulation results, the quantity of tomato-related waste
(TRW) has a minimal impact on the SS-AD plant; outcomes concerning biogas
and digestate can be seen in Table 13. The marginal decrease in biomethane
production per ton of treated waste can be ascribed to the insufficient nutrient
content in TRW, in this paper assumed to be equal to the composition of green
waste, which fails to generate substantial biogas quantities and leads to a dilu-
tion effect within the waste mixture.

Table 13. Material flow analysis results from the digestion process.

Parameter Current SS-AD SS-AD w/TRW
Biomethane (MJ/tireated waste) 3,641 3,609

CO2 (kg/ tireated waste) 108 107
Liquid fraction of digestate (kg/ 752 749

tircated wastc)

Solid fraction of digestate (kg/ 345 353

tireated Waste)

Similarly, both CO, emissions and liquid digestate experience minor de-
creases, while solid digestate exhibits an increase, potentially influenced by
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undegraded lignocellulosic matter present in the tomato leaves. In the same
context, the use of TRW had only a minor impact on the chemical characteris-
tics of the liquid digestate, which can replace 100% nitrogen, 45% of P, and
29% of K in the greenhouse process.

Regarding the LCA results, the combined system performs better than the
reference system, Figure 13. The most substantial reduction comes from the
decreased impact per unit of energy, as demonstrated by the reduced heat and
electricity impacts in the combined system for all selected categories (with the
exception of acidification potential for electricity). This effect is attributed to
the nature of biogas, characterized by its low emissions and resource utiliza-
tion.

Significant findings were also observed from the sensitivity analysis, where
different electricity sources are considered. Specifically, the analysis compares
the European electricity mix instead of the Swedish mix. The results show a
significant reduction in environmental impacts. For example, in terms of abi-
otic depletion of fossil fuels (ADP), the systems exhibit an increase in emis-
sions of 282% more for the reference system (S-R) when using the European
mix and 72% for the combined system (S-C). This trend is consistent with the
other analyzed impact categories, such as global warming potential (GWP),
acidification potential (AP), and eutrophication potential (EP), as illustrated in
Figure 14. This emphasizes the importance of adopting a clean electricity
source as a proactive approach to mitigating adverse environmental conse-
quences.

Regarding the results from paper V, the results consider the primary energy
use, GWP, AP, and EP potentials. As illustrated in Figure 9, the core system
includes different WM technologies. For this specific analysis, the core system
is comprised by the digestion process, the biogas upgrading, digestate and
compost transportation (the soil amendment and pellets are represented as the
compost product), incineration and associated transportation, landfill disposal,
utilization of biogas in buses and cars, biofertilizer application, emissions from
arable land, carbon sink, utilization of biogas as an input for the combined heat
and power (CHP) system, as well as for the fuel-cell (SOFC), and internal bi-
ogas use in a boiler. Conversely, the compensatory system includes production
of heat, mainly by using biomass, production of electricity (based on the mar-
ginal Swedish mix), production of vehicle fuel, and production of conventional
fertilizers. When the impacts of certain areas in the core system are not signif-
icant, they were gathered in the “Other” category in Figure 15, Figure 16, Fig-
ure 17, and Figure 18.
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Furthermore, different scenarios were built according to Figure 6 and Figure
7, described in Table 14.

Table 14. Scenarios description for paper V.

Scenarios Description

RS This scenario represents the reference case where the biogas
is mainly upgraded to produce vehicle fuel, CBG. The liquid
digestate is used as a biofertilizer, and the solid digestate is
assumed to be incinerated due to impurities in the input feed-
stock such as plastics.

Scl Scenario 1, Scl, represents the case where pre-sorting of
plastics occurs before digestion. In this scenario, solid diges-
tate can be valorized and used as a biofertilizer, primarily in
the form of soil amendments. Simultaneously, a fraction of
the biogas is used to produce heat for internal use.

Sc2 Scenario 2, Sc2, is similar to Sc1 but with the difference of
using the solid digestate as pellets.

Sc3 Scenario 3, Sc3, represents the utilization of biogas as LBG,
with the use of solid digestate remaining the same as in Scl.

Sc4 Scenario 4, Sc4, assumes the use of biogas for heat and elec-

tricity production from a CHP system. Solid digestate re-
maining the same as in Scl.

Sc5 Scenario 5, Sc5, represents the production of heat and elec-
tricity from a SOFC system. Solid digestate remains the
same as in Scl.

When comparing the primary energy use between the core system to the com-
pensatory processes, the production of compensatory electricity has the highest
impact, followed by the compensatory production of vehicle fuel in scenarios
4 and 5 (Sc4 and Sc5) which stands out as the scenarios where biogas is utilized
for heat and electricity generation instead of as vehicle fuel, see Figure 15. The
AD process is the primary contributor to primary energy use in the core system
with 0.42 MJ/twaste, as it treats most of the waste. In particular, Sc2 exhibits
high energy consumption due to the production of pellets, 0.18 MJ/twasie, Wwhich
is more energy intensive compared to soil production. Another significant area
is biogas upgrading, with the processing of biogas as LBG being the second
most energy intensive.
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The pre-sorting process can lead to a cleaner input feedstock, simultaneously
reducing the environmental impacts of incineration and enhancing the system’s
carbon sink, as presented in Figure 16. The amount of solid digestate that could
be valorized with the pre-sorting treatment accounts for approximately a total
of 4,857 tonnes. Additionally, processing the solid digestate into pellets leads
to reduced impacts associated with digestate and soil amendment (compost)
transport. This is because pellets are a more compact product compared to soil
amendments, as seen in the comparison between scenarios 1 and 2 (Scl and
Sc2). Moreover, using the solid digestate as a biofertilizer, whether as a soil
amendment or pellets, increases the carbon sink. High emissions are related to
Sc4 with the use of CHP system when biogas is combusted, generating 94.2
kgCOs-eq/twaste. Overall, this scenario represents the highest impacts regarding
the GWP, even including the benefits of the carbon sink. According to the
comparison between the core system and the compensatory system, the core
system has the highest impacts regarding GWP. The comparison is based on
energy production primarily derived from biomass, natural gas (fossil), and
wind power, as represented by the Swedish marginal mix. The production of
heat in the compensatory system is based on the use of biomass.

In terms of the AP and EP results, the majority of the impacts can be at-
tributed to the emissions resulting from the application of biofertilizers and the
soil emissions, particularly for EP, see Figure 18, which is influenced by the
soil type, in this case clay. Within the ORWARE model, it was assumed that
fertilizer efficiencies for ammonium and organically bound nitrogen were set
at 80% and 30%, respectively. This means that 70% of the organically bound
nitrogen has the potential to be emitted into the environment (Dalemo et al.,
1998). In both AP and EP, the compensatory electricity has the higher impact,
related to the energy source production, of which 41% comes from fossil nat-
ural gas.

In all scenarios, the raw biogas production remained consistent at 4,891 MJ
per tonne of waste processed. Regardless of the scenario, the nutrient compo-
sition within the liquid and solid digestate remained unchanged. Table 15 pre-
sents the specific levels of nitrogen, phosphorus, and potassium from the sys-
tem.
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Figure 18. Eutrophication potential results for different scenarios in paper V.
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Table 15. Results from simulations in ORWARE and its comparison to the operational
data.

Nutrient (tonne/year) Liquid fraction Solid fraction
Total nitrogen 128 34
Ammonium nitrogen 107 19
Total phosphorus 16 11
Total potassium 56 10

In terms of the energy balance, the RS scenario demonstrates the highest en-
ergy output, despite the need to compensate for heat and electricity generation
in comparison to scenarios 4 and 5, see Figure 19. The RS provides the highest
energy turnover, with Sc4, which has the highest heat production of 3,219
MIJ/twaste, in second place. Within this analysis, diesel is utilized as the fuel for
transportation within the core system, such as the transportation of digestate.
However, this diesel usage is quite minimal and does not significantly impact
the results.

Energy balance
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Figure 19. Energy balance for different scenarios in paper V.

4.3.2. Biogenic carbon

Biogenic CO; is gaining attention as an important product from AD due to its
possible applications replacing conventional CO; sources. In Paper IV, CO,
captured from the upgrading of the biogas is used as a growing enhancer for
tomatoes. However, due to the unavailability of specific LCI data for the im-
plementation of biogenic CO, as a growth enhancer under similar conditions,
the same LCI dataset was used for both the reference and the combined sys-
tems, giving similar results. Nevertheless, the CO, derived from the AD pro-
cess is specifically important in achieving environmental benefits. By avoiding
long transportation distances of the common CO; source in this paper (IV), and
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instead, utilizing a more local source from the SS-AD plant, the overall envi-
ronmental impact is further reduced, Figure 13.

According to the findings in paper V, the incineration of impurities and re-
jects can yield approximately 114.4 tonnes of ashes. By applying the ratio pro-
vided by Rendek et al. (2006) for capturing 24 liters of CO, per kilogram of
ashes in an accelerated carbonation process, scenarios 1, 2, 3, and 5, which are
related to biogas upgrading, have the potential to capture approximately 5
tonnes of CO,. However, this amount is relatively low when compared to the
total CO, that can be separated during the upgrading process, which amounts
to 2,657 tonnes of CO,. Therefore, it is advisable to explore other options to
either replace or complement the accelerated carbonation process.
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5. Discussion

This chapter presents a discussion of the main findings in the papers, with a
specific focus on the research questions.

5.1. Methane yield from solid-state anaerobic digestion

The analysis of methane production for a specific quantity of a given feedstock
used was conducted through a literature review and different modelling sce-
narios. Small-scale processes, ranging from 0.17-50 L and using food waste as
a primary feedstock, demonstrated the highest methane yield, achieving 531
m*CHu/tys (Qiao et al., 2011). According to the chemical composition re-
trieved from the dataset in ORWARE (see Table 6), food waste, referred to as
biowaste in this thesis, is notable for its high content of starch and sugars, pro-
teins, and lipids, which makes it a good choice for biogas production. How-
ever, in line with environmental goals, there is a need to reduce food waste in
order to decrease potential GHG emissions and preserve resources for its pro-
duction (Energimyndigheten, 2021; Jordbruksverket, 2021). Other potential
feedstocks for SS-AD processes include agricultural waste (IEA, 2020). Nev-
ertheless, this type of waste contains significantly large amounts of lignocellu-
losic materials, which can hinder methane production (Sawatdeenarunat et al.,
2015). In full-scale processes, agricultural waste, mainly manure and straws,
is often combined with other feedstock in a co-digestion process, such as the
organic fraction of municipal solid waste (OFMWS) (refer to Figure 10). This
practice can help improve nutrient balance, such as the C:N ratio, and enhance
methane yield (Li et al., 2011; Zeshan et al., 2012). However, the methane
yield given by pilot and full-scale, mainly operating under co-digestion condi-
tions, may not reach similar methane production as for the small-scale setups,
at least based on the cases analyzed and presented in Table 7 and in Figure 10.
Considering the scenarios proposed by Gustafsson and Anderberg (2022),
which suggest the development of more large co-digestion plants and decen-
tralized plants using mainly agricultural waste, it becomes necessary to con-
sider pre-treatment methods to improve methane production. Additionally, a
further energy analysis should be carried out to assess its efficiency.

The chemical composition of feedstocks plays a key role in successful bio-
gas production. In addition, the physical properties of feedstocks and opera-
tional parameters in the digestion process also significantly impact methane
yields (Ellacuriaga et al., 2021). However, the relationship between tempera-
ture, methane yield, and process scale is complex, with no straightforward cor-
relations as presented in paper L. In addition to this, the influence of tempera-
ture and HRT variations in the model did not have significant effect on the
overall energy use due to the linearity of the mathematical models used in OR-
WARE (Dalemo et al., 1997). Nonetheless, most Swedish SS-AD plants could
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opt for thermophilic conditions as a mean to avoid external hygienization
method, although the potential risks of ammonia inhibitions, especially when
working with food waste streams, need consideration (Persson et al., 2019).

The high solid content in biomass greatly affects methane yield, requiring
solutions to address mass transfer limitations. The results of the review study,
paper I, suggest solutions like flow recirculation, biogas recirculation, pre-mix-
ing techniques, and pre-treatments for lignocellulosic feedstocks. The latter is
particularly relevant when considering the implementation of more decentral-
ized biogas systems that utilize agricultural waste with high lignocellulosic
content. To this, more biogas systems could be built with an SS-AD configu-
ration, which enables better handling of the high-solids feedstocks. The transi-
tion from L-AD (with a CSTR mathematical reactor design) to SS-AD (with a
PFR mathematical reactor design) configuration process is another factor ad-
dressed in the model. The changes in reactor design and equations are pre-
sented in paper II.

5.2. Process performance analysis of solid-state
anaerobic digestion

Sweden’s goal to achieve 7 TWh of biomethane production from waste aligns
with the EU’s target of 35 bem by 2030 (European Commission, 2022). To
reach this goal, we must explore waste-based feedstocks that do not compete
with food production (EBA, 2022; European Parliament, 2009). Additionally,
part of the global sustainability goals is aimed at reducing food waste. A com-
prehensive understanding of the various feedstocks, nutrient analysis, energy
efficiency, and potential optimization strategies is then important.

Horse manure has gained attention primarily due to its abundance and spe-
cific nutrient characteristics (Eriksson et al., 2016b; Moénch-Tegeder et al.,
2014; Wartell et al., 2012). To explore the effects of replacing BW with horse
manure, and addressing concerns related to GW containing heavy metals due
to urban pollution, different scenarios were constructed in paper III. Adjusting
the feedstock proportions, specifically, the inclusion of horse manure with bed-
ding, BW, and GW, has significant implications on electricity and heat con-
sumption, methane production, and overall energy turnover. As detailed in Ta-
ble 10, the substitution of GW with horse manure significantly enhances bio-
methane production and energy turnover, largely due to differences in lignin
and cellulose content, as demonstrated in Table 6. In addition to this, the higher
amounts of TS from GW in comparison to horse manure with bedding leads to
greater demand for fresh water to adjust the operational TS, see Table 3. Con-
sequently, this leads to increased electricity consumption for the dewatering of
digestate and higher heat consumption for heating the digester. However, when
only working with horse manure and bedding as the main feedstock, scenario
D, the methane yield decreases. Horse manure generally offers good alkalinity
which stabilizes the biogas process, but it has a relatively low energy content
(Carlsson et al., 2013). Therefore, it is better suited as a feedstock for co-di-
gestion processes rather than for mono-digestion (Ammenberg & Feiz, 2017).
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Analyzing the nutrient content of the digestate is essential for its proper
management and utilization. It is noteworthy that scenarios A and D, in paper
III, exhibit nitrogen excess when spreading the liquid fraction and nitrogen
deficiency when spreading solely the solid fraction, requiring compliance with
Swedish regulations (SPCR120). In that sense, the direct application of the di-
gestate would meet the required regulations and could increase energy turnover
when avoiding fraction separation of the digestate. Still, digestate dewatering
depends on the location of the specific biogas plant, determining whether it can
be spread near the facility without dewatering or if is essential for improved
transportation efficiency (Poschl et al., 2010). On the other hand, specific soil
nutrient compositions can require solid-liquid separation, providing a viable
solution when the application of phosphorus to nearby farmland is restricted.
In such cases, the solid phase can be transported to regions facing phosphorus
deficiency (Feiz et al., 2022). The strategy of separating digestate fractions
could be viable for biogas plants because the energy input required for diges-
tate processing, specifically using screw-press technology, is relatively low
compared to the total energy input needed for the entire biogas plant (P6schl
et al., 2010). In the studied scenarios in papers II and III, however, transporta-
tion and application of the digestate was not included.

The performance of the digestion process in SS-AD and L-AD configura-
tions shows distinct differences. SS-AD exhibits a 10% higher energy turno-
ver, even though the methane yield is similar in both configurations, as previ-
ously reported in the literature (Chiumenti et al., 2018). This energy turnover
encompasses the energy used for the digestion process, the digester heating,
the dewatering of the digestate, and the energy recovered from the biogas.
However, a comprehensive assessment should include a more thorough under-
standing of the process performance in terms of energy input and total energy
turnover. This entails considering the processing of biogas for its final use,
whether as vehicle fuel or as input for heat and electricity generation. Addi-
tionally, another critical aspect is the transportation of digestate to arable land
or other final destinations. Furthermore, environmental, and economic anal-
yses should be integral to the comprehensive assessment, accounting for po-
tential pre-treatments for lignocellulosic biomass when used as a feedstock.
This consideration is particularly relevant when utilizing agricultural waste,
such as crops, as one of the primary proposed feedstocks for sustainable biogas
production (EBA, 2022).

5.3. Beyond the anaerobic digestion from a system
perspective

In this studied level, the environmental impacts between a hydroponic green-
house primarily focused on tomato cultivation and an SS-AD plant is evalu-
ated. The primary aim is to understand how these two systems can be inter-
linked to enhance sustainability in food production systems and biogas sys-
tems. One of the key connections established between these systems involves
the utilization of biogas as a multifaceted resource within the greenhouse. The
biogas produced in the SS-AD plant serves a dual purpose, acting both as a
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heating source and a supplier of CO,, which is essential for enhancing plant
growth (Oreggioni et al., 2019). Simultaneously, the digestate produced by the
SS-AD plant serves as a valuable biofertilizer, offering a sustainable alterna-
tive to conventional fertilizers. Two main scenarios are considered: the refer-
ence system, which mirrors a typical hydroponic greenhouse with inputs and
outputs commonly found in Sweden, with heat provided by the energy recov-
ery from wood chips (Jordbruksverket, 2018) and the Swedish electricity mix
(Treyer, 2019), and the combined system, illustrating the connections between
the greenhouse and an SS-AD plant. Figure 4 provides an illustrative represen-
tation of these scenarios. Results indicate that, when using TRW as an addi-
tional feedstock for the SS-AD plant, the increase in biogas production is
somewhat limited, primarily due to the insufficient nutrient content in TRW.
This insufficiency results in a slight reduction in biomethane production per
tonne of treated waste and a dilution effect within the waste mixture. It is im-
portant to note that more precise data is needed to accurately represent real
conditions, as the chemical characteristics of TRW were obtained from the
ORWARE dataset.

As Figure 13 shows, a noticeable reduction in heat production occurs when
using biogas as a heat source. However, the extent of this reduction may also
vary depending on the type of crop being cultivated. Burg et al. (2021) noted
that growing lettuce instead of tomatoes requires less heating. This raises ques-
tions about the choice of crops for cultivation in Sweden. Specifically, toma-
toes were chosen as a focal point, considering that a significant portion of them
are imported (Jordbruksverket, 2022). Further analysis is needed to understand
the trade-off between energy use for cultivating crops and the nutritional value
they provide. Similarly, the use of TRW in the SS-AD plant has limited impact
on the chemical characteristics of the resulting digestate. Assuming a nitrifica-
tion efficiency of 75%, it becomes feasible to replace a substantial portion of
the essential nutrients required by tomato plants, particularly nitrogen, phos-
phorus, and potassium. Particularly, the SS-AD plant can provide the total
amount of CO, needed by the greenhouse, whereas TRW alone can only supply
5.7% of this requirement. In their study, Oreggioni et al. (2019) explored the
feasibility of utilizing CO, for tomato production and found it to be technically
viable and economically favorable compared to CO, geological storage. How-
ever, the study assumed the permanent capture of CO, by tomatoes, similar to
geological storage, which could potentially lead to an overestimation of the
benefits.

Analyzing the environmental impact from an LCA perspective, the com-
bined system, which represents the interconnection between the greenhouse
and the SS-AD plant, shows improved environmental performance compared
to the reference system. This enhancement is particularly clear in categories
related to energy efficiency, such as lower heat and electricity impacts across
all categories. This reduction in impact is primarily attributed to the low emis-
sions and resource consumption associated with biogas utilization. Neverthe-
less, GHG emissions from cropping systems should be evaluated based on bi-
omass productivity to compare systems with diverse production services. For
instance, the inclusion of biogas systems can offer a wide range of production
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services, such as biomass productivity, e.g., sequential crops for biogas pro-
duction, and nitrogen fertilization autonomy (Kervroédan et al., 2022).

Food waste, denoted as BW, has been recognized for its favorable attributes
as a feedstock, including high biogas yield, accessibility, profitability, and sub-
stantial GHG emission reductions. Nevertheless, the presence of plastics, often
used for packaging, in this feedstock poses challenges and renders it unsuitable
for biofertilizer production (Ammenberg & Feiz, 2017; Carlsson et al., 2013).
In paper V, pre-sorting is proposed to clean up the input feedstock and for
further valorization of the solid fraction of the digestate. Comparing the core
system with compensatory processes, the findings highlight the energy con-
sumption variations across scenarios. This difference can be attributed to var-
ious factors, such as energy-intensive pellet production, biogas upgrading pro-
cesses, and waste sent for incineration. Furthermore, scenarios involving the
use of solid digestate as a biofertilizer present improvements, particularly in
terms of GWP related to carbon sink. In a broader context, taking into account
various factors that can influence energy supply and its fluctuations, such as
pandemics and conflicts, there is a growing interest in exploring alternative
applications of biogas beyond the conventional Nordic model, as described in
section 2.1. Specifically, the focus is on its potential for heat and electricity
production through different pathways. It is important to note that this explo-
ration of alternative applications does not diminish the significance of using
biogas as a vehicle fuel, as reducing emissions from the transportation sector
remains a critical strategy in mitigating climate change (Lindfors et al., 2022).

In the context of vehicle fuel, paper V assesses two options for processing
and utilizing biogas: CBG and LBG. In Figure 19, the highest energy turnover
is associated with the RS scenario, where biogas is upgraded and used as a
vehicle fuel. Similarly, Varling et al., (2023) found that biogas upgrading al-
lows for the recovery of 80-85% of the energy content of the biogas, being the
best scenario in terms of the energy assessment. This means that by avoiding
other processes such as pre-treatments, energy can be saved. However, in terms
of GWP, scenario 2 could be more beneficial. This scenario involves the use
of CBG and includes the valorization of solid digestate as pellets, which re-
duces the impacts of transportation due to the reduced volumes. In contrast,
digestate management can significantly impact the feasibility of operations,
potentially acting as a barrier to entry for new biogas plants. This, in turn, has
economic implications and can restrict production scalability (Mirata et al.,
2017). On the other hand, given that the CO, derived from biomethane is al-
ready separated, it is essential to utilize this readily available resource for CCS
purposes. In the context of investigating its potential for accelerating the car-
bonation of ashes, which could offer a viable utilization for these materials, the
option did not yield significant results in terms of CO, capture.

5.4. Uncertainties and limitations

Uncertainties in ORWARE involve not only inherent variability in key param-
eters but also challenges associated with data gaps. Data gaps are a common
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issue in modelling and simulation due to the difficulty of acquiring compre-
hensive statistics or precise measurements of process parameters. In some
cases, data from external databases, such as Ecolnvent, are incorporated to fill
these gaps. While this approach might not eliminate uncertainties entirely, it is
more favorable than leaving the model with significant gaps. It is important to
note that spatial variability, or the variation of emissions in different geo-
graphic locations and their impact on background concentrations, is not explic-
itly considered in ORWARE. Additionally, all calculations within the model
are based on yearly averages, which may not capture temporal variations. This
assumption is closely related to the model’s reliance on stable biogas produc-
tion and average values as its foundation (Bjorklund, 2000).

Addressing scenario uncertainties in the model becomes more complex due
to the relationship between data gaps and the reliance on external databases.
When constructing different scenarios, the model must deal with not only the
inherent uncertainties tied to specific assumptions but also those introduced by
incomplete or unrepresentative data from external sources. The data collected
from the biogas plant was obtained across various years during the research,
introducing uncertainties and occasionally constraining the scope of certain
papers. Additionally, more sample analysis and measurements are needed for
the facilities, the SS-AD plant in this case, so that it will be possible to easily
evaluate effects of changes through time.

Model uncertainties, while associated with the mathematical equations and
models used in the assessment, are also influenced by the quality and com-
pleteness of the data integrated into these equations. Furthermore, it is worth
noting that the mathematical models in ORWARE are linear, which means
they may not entirely represent real-world behavior. Lastly, ORWARE’s ap-
proach to addressing these uncertainties involves encouraging further research
and the development of improved measurement techniques. By actively work-
ing to fill these knowledge gaps, the model aims to reduce epistemic uncertain-
ties over time and enhance the accuracy of its predictions (Clavreul et al.,
2012). Despite these uncertainties, ORWARE gives valuable results and can
be used in the decision-making process of different waste management pro-
cesses (Assefa et al., 2005a, 2005b; Baky & Eriksson, 2003; Bjorklund et al.,
1999b; Eriksson & Baky, 2010).

One significant limitation of this research is associated with the methodol-
ogy employed, which primarily focuses on assessing the energy and environ-
mental performance of the systems under investigation while omitting eco-
nomic and social factors. Incorporating these aspects into the examination
could have provided additional insights for decision-makers and facilitated the
evaluation and comparison of the results. However, this limitation was primar-
ily a result of constraints related to data availability and time restrictions.

5.5. Future research

Economic analysis of different utilization pathways for the SS-AD products is
an important aspect that should be addressed. Environmental systems analysis
is only a small part of the decision-making process. Moreover, the social aspect
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should be considered, particularly when waste generation is influenced by in-
dividual and group behaviors, especially in the context of a circular economy
that emphasizes waste reduction.

The interconnections between biogas systems and other technologies play
a crucial role in reducing input resources (Mirata et al., 2017). Besides its heat-
ing value, biomethane holds the potential for producing valuable platform
chemicals like hydrogen and methanol (Farghali et al., 2022). Currently, the
demand for such chemicals is low, but it is expected to increase. In an inte-
grated biorefinery model, algae, for example, can convert CO; into carbon-rich
lipids, protein, and carbohydrates (Xia & Murphy, 2016). These can be further
processed through fermentation, anaerobic digestion, or pyrolysis to yield eth-
anol, biogas, or biochar, respectively. By integrating various process technol-
ogies, the SS-AD technology, for example, can potentially generate its own
feedstock, making it a self-sufficient or at least partially self-sustaining pro-
cess.

Presently, most commercial applications involve the direct use of CO,.
However, new pathways are being explored to transform CO into fuels, chem-
icals, and building materials. Currently, the most well-established application
is to boost yields in industrial greenhouses. This method has proven to be
highly effective, with the capacity to increase yields by 25% to 30% (IEA,
2019). In the context of this research, an analysis of various utilization path-
ways should be conducted to select the most suitable option for the system
under examination.
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6. Concluding remarks

Co-digestion processes handle diverse type of feedstock, each possessing
unique characteristics. Examining the impact of the different nutrient content,
in addition to variations in operational parameters, could facilitate understand-
ing optimal conditions for maximizing methane yield. The following are the
conclusions related to the methane yield at SS-AD conditions:

While food waste, rich in starch, sugars, proteins, and lipids, is an
excellent choice for biogas production, environmental goals neces-
sitate exploring alternative feedstocks.

Co-digestion of agricultural waste, such as manure and straws, with
other feedstock like the organic fraction of municipal solid waste
(OFMWS), can improve nutrient balance and methane yield.

The relationship between temperature, methane yield, and process
scale is complex, and variations in temperature and HRT did not
significantly affect overall energy use in the mathematical model
used.

SS-AD vs. L-AD process did not present a significant difference in
terms of methane yield regarding the simulation results.

The following conclusions are related to exploring technical recommendations
aimed at enhancing energy turnover while minimizing resource consumption,
including materials and energy inputs, during full-scale operation:

Replacing certain feedstocks with horse manure can have signifi-
cant positive implications on electricity and heat consumption, me-
thane production, and overall energy turnover.

SS-AD exhibits a 10% higher energy turnover in comparison to L-
AD from the simulation results. However, this energy analysis only
takes into consideration the energy used in the digestion process
and the dewatering of the digestate.

By avoiding the separation of liquid and solid fractions of the di-
gestate, energy turnover could be increased, potentially saving up
to 50% of the electricity required for digestate processing.

Lastly, conclusions regarding the environmental performance of the SS-AD
products within different applications in an expanded biogas system:
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The combined system, representing the interconnection between a
hydroponic greenhouse and an SS-AD plant, shows improved en-
vironmental performance compared to the reference system, par-
ticularly in categories related to energy efficiency.

Using biogas as CBG for vehicle fuel and incinerating the solid
digestate offers the highest energy turnover. However, scenarios
where the solid digestate is valorized as biofertilizer, especially as



pellets, show the best environmental performance in terms of
GWP.

Investigating the potential of biogas for accelerating the carbona-
tion of ashes for CO; capture did not yield significant results.
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