N

N

Novel carbon-negative methane production via integrating
anaerobic digestion and pyrolysis of organic fraction of
municipal solid waste
Shule Wang, Yuming Wen, Ziyi Shi, Ilman Nuran Zaini, Par Géran Jonsson,

Weihong Yang

» To cite this version:

Shule Wang, Yuming Wen, Ziyi Shi, Ilman Nuran Zaini, Par Goran Jonsson, et al.. Novel carbon-negative
methane production via integrating anaerobic digestion and pyrolysis of organic fraction of municipal solid
waste. Energy Conversion and Management, 2022, 252, pp.115042. <10.1016/j.enconman.2021.115042). <hal-
05555549)

HAL Id: hal-05555549
https://hal.science/hal-05555549v1

Submitted on 17 Mar 2026

HAL is a multi-disciplinary open access archive
for the deposit and dissemination of scientific re-
search documents, whether they are published or not.
The documents may come from teaching and research
institutions in France or abroad, or from public or pri-
vate research centers.

L’archive ouverte pluridisciplinaire HAL, est des-
tinée au dépot et a la diffusion de documents scien-
tifiques de niveau recherche, publiés ou non, émanant
des établissements d’enseignement et de recherche
francais ou étrangers, des laboratoires publics ou
privés.

Distributed under a Creative Commons CC BY 4.0 - Attribution - International License


https://hal.science/hal-05555549v1
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

Energy Conversion and Management 252 (2022) 115042

Contents lists available at ScienceDirect Eneroy
1)

Conversion
{Management

Energy Conversion and Management

R

journal homepage: www.elsevier.com/locate/enconman

ELSEVIER

Check for

Novel carbon-negative methane production via integrating anaerobic | e
digestion and pyrolysis of organic fraction of municipal solid waste

Shule Wang ", Yuming Wen ', Ziyi Shi, Ilman Nuran Zaini, Pir Goran Jonsson , Weihong Yang

KTH Royal Institute of Technology, Department of Materials Science and Engineering, Brinellvagen 23, 114 28 Stockholm, Sweden

ARTICLE INFO ABSTRACT

Keywords: The use of bioenergy with carbon capture and storage (BECCS) is vital to reaching the desired climate goals. This
PYrOlyfiS i o ) study proposed a novel process combining anaerobic digestion, pyrolysis, catalytic reforming and methanation
?&g:;?sl‘clvf)ramon of municipal solid waste (APRM) to produce biomethane and to capture carbon emission from the organic fraction of municipal solid

waste (OFMSW). The evaluation of the process was conducted by using modelling software and techno-economic
analysis. The process modelling and evaluation result showed that 151.4 kg CH4 and 355.64 kg stored carbon
emission can be produced from 1 ton dry matter of OFMSW with an energy efficiency of 0.40. 6.74 MJ electricity
was required to capture 1 kg of CO; via the proposed process. The energy balance of the pyrolysis reaction was
investigated. The sensitivities of the pyrolysis temperatures, dewatering technologies and conversion of catalytic
reforming on the process performance were analyzed. The result also indicated a positive net profit when using
the APRM process to treat the OFMSW based on the calculation of operating expenses and revenue, when the CO4

Anaerobic digestion

Bioenergy with carbon capture and storage
(BECCS)

Methane production

negativity can be sold as commodity.

1. Introduction

The increasing CO, emission has become one of the essential co-
nundrums of the world. Over 80% of the energy consumption is
contributed by fossil fuel globally, which corresponds to>90% of the
CO4 emission from human activities. The atmospheric CO, level has
increased from 280 ppm in the pre-industrial age to 410 ppm in 2018
[1]. The intergovernmental panel on climate change (IPCC) has reported
that without carbon capture and storage (CCS) technologies, the costs to
keep atmospheric CO; levels below 450 ppm would be doubled by 2100.
Furthermore, the possibility of keeping a global temperature increase
below 2 C would be significantly reduced without CCS [2]. Bioenergy
with carbon capture and storage (BECCS) has been recognized as a
critical negative emission technology, playing a crucial role in reaching
the global climate goal [3].

Management of MSW has become an essential global concern
focused by the scientific community in the past decades. The increasing
urbanization accelerates the generation of municipal solid waste (MSW).

It is predicted that approximate 2.2 billion tonnes per year of MSW will
be generated by 2025 [4]. Globally, MSW includes 46% organic waste,
17% paper, 10% plastic, 5% glass, 4% metal and 18 % other types [4].
The organic fraction of municipal solid waste (OFMSW), which con-
tributes the most to the MSW, usually consists of the yard, slaughter-
house, and household residues. The OFMSW negatively affect the
environment and public health if it is inappropriately managed.

The organic pollutants and microbial pathogens in the OFMSW
contaminate the soil and water sources in the nearby region [5]. It has
been suggested that anaerobic digestion (AD) is the most promising way
for energy and materials recycling from OFMSW compared to inciner-
ation and landfilling [5,6]. An AD process can produce CHy4 riched
biogas from the organic stream. The liquid and solid residue of AD called
digestate are used as fertilizers. In recent years, the application of
digestate as fertilizer has been limited due to its high nitrates content.
The Nitrates Directive released by the EU (91/676/EEC) has revealed
that the eutrophic water existing in the EU mainly results from the
overload of nitrates pollution. Therefore, in order to reduce the water

Abbreviations: AD, Anaerobic digestion; APRM, Process combining anaerobic digestion, pyrolysis, catalytic reforming and methanation; BECCS, Bioenergy with
carbon capture and storage; CCS, Carbon capture and storage; DSC, Differential scanning calorimetry; GHG, Greenhouse gas; HTC, Hydrothermal carbonization;
IPCC, Intergovernmental panel on climate change; MSW, Municipal solid waste; NC, Nonconventional; OFMSW, Organic fraction of municipal solid waste; PSA,

Pressure swing separation; TCR, Thermal catalytic reforming.
* Corresponding author.
E-mail address: shule@kth.se (S. Wang).
1 These authors contribute equally

https://doi.org/10.1016/j.enconman.2021.115042

Received 29 August 2021; Received in revised form 11 November 2021; Accepted 16 November 2021

Available online 24 November 2021

0196-8904/© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:shule@kth.se
www.sciencedirect.com/science/journal/01968904
https://www.elsevier.com/locate/enconman
https://doi.org/10.1016/j.enconman.2021.115042
https://doi.org/10.1016/j.enconman.2021.115042
https://doi.org/10.1016/j.enconman.2021.115042
http://crossmark.crossref.org/dialog/?doi=10.1016/j.enconman.2021.115042&domain=pdf
http://creativecommons.org/licenses/by/4.0/

S. Wang et al.

pollution caused by the nitrates abuse, this Directive encourages the EU
member states to limit the application of inorganic N fertilizer to crops;
limit the applications of organic manure; restrict the application of
slurry, manure and sludge on sandy and shallow soils seasonally; record
the cropping, livestock numbers and fertilizer application [7]. Indeed,
the digestate is a nitrogen-rich source due to its significant content of
protein and protein derivates, which have the potential to result in the
eutrophication of the local water system if it is used as fertilizer [8].
Therefore, a more sustainable disposal method should be considered for
the management of digestate from OFMSW.

Digestate contains a large number of organics, which is rich in
nutrient and chemical heat [9]. Previous study investigated the thermal
conversion of digestate into hydrochar, bio-oil, biochar, syngas, growth
medium for cultivation of invertebrates and fungal [5,9,10]. Pyrolysis is
a promising technology to convert organic waste into valorized products
such as biochar, biogas, and bio-oil. By enhancing the product diversity
via pyrolysis, the chance of energy& material recovery from digestate
increases. A previous study has researched the potential of using
digestate of OFMSW as feedstock for the pyrolysis process [11]. How-
ever, the main challenge of using digestate as feedstock is the high
moisture content (>80%), which requires a massive amount of energy to
evaporate during the pyrolysis. The moisture content can be reduced to
60% by applying mechanical dewatering to the digestate [12]. However,
a 60% moisture content is still much higher than that in the lignocel-
lulosic biomass, which decreases the energy efficiency of pyrolysis of
digestate. Mei et al. have proposed a process that couples the pyrolysis
process with steam reforming [13]. The moisture from drying and py-
rolysis of digestate usually needs further cleaning, because of its odors
and potential organic pollutants. By coupling the pyrolysis with the
catalytic steam reforming, the moisture of digestate can be employed as
reactants for catalytic reforming reaction. They claimed that 41.26% is
the most optimized moisture content for this process when theoretical
heating energy is adopted [13]. Hornung et al. studied the thermal
catalytic reforming (TCR) process, which combined pyrolysis and steam
catalytic reforming. They tested digestate, MSW, and other biomass on
their TCR bench-scale reactor. In their studies, the pyrolysis temperature
ranged from 400 to 500 C, and the reforming temperature ranges from
450 to 750 C. They found that the gas yield increased from 27 to 44% by
increasing the reforming temperature from 500 to 750 C [14-17]. Ac-
cording to the result from the case of using a reforming temperature 750
‘C, the reformed gas consisted of Hp, CO3, CO, CH4 and etc. Furthermore,
only 6% of oil fraction remained after the condensation. Wu et al.,
Amutio et al. and Xiao et al. studied the catalytic steam reforming of
pyrolytic vapor from biomass [18-21]. They applied Ni catalysts to the
steam reforming carried out at 600 C, and found that the oil yield can be
reduced to O after a condensation of the reforming product. These results
presented a 100% conversion of pyrolytic vapor into syngas during the
catalytic steam reforming process. In order to increase the value of the
reformed gas, a methanation process is usually employed. The metha-
nation process is well-developed and is able to convert CO and CO; into
CH, via a hydrogenation reaction. The TREMP™ methanation tech-
nology from Haldor Topsge can convert syngas from biomass gasifica-
tion into CH4 with a 95-98% purity, which has been employed
successfully in the GoBiGas 20 MW demonstration plant [22]. By
coupling pyrolysis, catalytic steam reforming, and methanation, CHy4
can be produced from digestate. The CHy riched gas from methanation
of reformed pyrolytic vapor can be integrated with the biogas produced
from anaerobic digestion. Thereafter, the CHy4 as a single product cor-
responds to a single-segment strategy, which can increase the competi-
tion of this process in the market [23]. Besides, the side product in the
gas product stream is mainly CO,, which can be separated by applying
gas separation and carbon capture technologies. Therefore, the inte-
grated process has the potential to become a BECCS technology. Previ-
ous studies investigated the potential of combining the AD and pyrolysis
technologies [24-28]. Salman et al. studied the simulation of using
biochar produced from digestate to enhance the biomethane production
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of AD and evaluate the energy efficiency of pyrolysis, gasification and
combustion of the digestate [24,28]. Monlau et al. investigated the
feasibility of using biochar produced from digestate as a soil amend-
ment, and the electricity production from combined AD and pyrolysis
process [26,27]. However, no study focused on the potential of carbon
capture and storage during the process which combined AD and pyrol-
ysis technologies.

In this study, for the first time, a novel BECCS process coupling AD,
pyrolysis, catalytic reforming, and methanation (APRM) is proposed to
produce biomethane from OFMSW in a carbon-negative way. The
implementation of this carbon-negative biomethane production process
can reduce the water pollution caused by inappropriate disposal of
digestate; supplies energy to the communities nearby; store the carbon
dioxide from decomposition of digestate in the long term. The
mentioned advantages of this process contribute to reaching the sus-
tainable development goals 6-Clean water and sanitation, 7-Affordable
and clean energy, 11-Sustainable cities and communities and 13-Climate
action [29].

The main objective of this work is to evaluate the benefits of the
proposed APRM process. The specific objectives of this study are to
simulate the APRM process by using the Aspen Plus software; calculate
the energy requirements and carbon negativity achievements; estimate
the heat of the pyrolysis based on input and output streams; evaluate the
energy and environmental impact of the APRM process and compare the
results to the conventional AD process; analyze the influence of pyrolysis
temperature, dewatering technology and catalytic reforming conversion
on the process performance; evaluate the feasibility of the process based
on the techno-economic analysis.

2. Methods
2.1. Process description

The proposed APRM process is illustrated as shown in Fig. 1. The
components in the process have been classified into Input, Process, and
Output. All the heat required in this process is assumed to be supplied by
electric heating from a renewable source to minimize the carbon emis-
sion of this process. The OFMSW is firstly shipped to the APRM plant,
and then treated in an anaerobic digestion process. The resulting prod-
uct from the AD is dewatered using a screw press. The removed water,
which contains a high amount of nutrients, can be utilized as a liquid
fertilizer. The solid residue is then heated in the heat exchanger, then
thermally dried to reduce the moisture content. Thereafter, the dried
digestate is introduced into the pyrolysis reactor. The biochar product is
removed from the bottom of the reactor. The pyrolytic vapour is heated
in a second heat exchanger before it ends up in the catalytic reforming
reactor. The reforming gas is then cleaned and cooled using a water
scrubber and steam from the dryer. The clean reforming gas is com-
pressed into high pressure for pressure swing separation (PSA) in order
to adjust the gas composition for an optimized ratio between Hy, CO, and
CO, according to the TREMP™ methanation technology [22]. Then the
gas is heated up to 200 ‘C and introduced into the methanation reactor.
After methanation, the gas is mixed with the compressed biogas from AD
then cooled to the proper temperature for the second PSA. Finally, CH4
and compressed CO, gases are achieved after the PSA treatment.

2.2. Model development

In this study, a kinetic free equilibrium model was developed using
ASPEN Plus V11. The proposed process model included the AD, me-
chanically dewatering, thermal drying, pyrolysis, tar cracking, catalytic
reforming methanation processes, as shown in Fig. 2. The modelling was
built on experimental data from our previous study focusing on pyrolysis
of digestate of OFMSW [11]. The type of blocks is described in Table S1.
The list of compounds used in this simulation model is presented in
Table S2. Conventional and nonconventional materials were defined in
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Process: 2. Anaerobic digestion; 3. Mechanical dewatering; 4. Heat Exchanger; 5. Dryer; 6. Pyrolysis; 7. Heat Exchanger; 8. Catalytic reforming; 9. Water scrubber; 10.
Compressor; 11. Cooling tower; 12. CO2 pressure swing separation; 13. Methanation; 14. Compressor; 15. Cooling tower; 16. CO2 pressure swing separation; 17. Compressor;
Output: 18. Liquid digestate; 19. Biochar; 20. Compressed CO2; 21: CH4; 22. Waste water

Fig. 1. Schematic APRM process.

Syngas cleaning and adjusting

ol

OPTEMP

AD Mechanical
dewatering and
drying

Pyrolysis

Catalytic reforming

ACTE

Methanation

CONDENS
)

COMPRES3

CO, removal and
compressing

COMPRES?

]
E]

Fig. 2. Simulation flowsheet in ASPEN Plus.

this study. The simulation was performed in the following conditions
and assumptions:

The biomass feed input was 1 ton dry OFMSW with 3.2 ton water
content.

HCOALGEN and DCOALIGT were used to simulate the non-
conventional materials. The necessary information for using the
property models is present in Table S3.

The PR-BM activity coefficient model method was chosen as the
physical property method [30]

The heat loss from reactors was assumed to be 10% [31].

The minimum temperature approach between the hot and cold
stream of the heat exchangers was set as 10 'C [32].

The isentropic and mechanical efficiencies of compressors were set
as 0.8 and 0.95, respectively.

2.2.1. Feedstock specification

The materials used for modeling in this study are the OFMSW and its
digestate from the biogas plant in Skellefted, Vasterbotten, Sweden. The
OFMSW consists of all types of organic solid waste from Skellefted
municipality, including household waste, municipal sewage sludge, and

industrial food residues. The proximate and ultimate composition of the
feedstocks are shown in Table 1, which were determined by Eurofins AB,
Lidkoping, Sweden. The OFMSW and digestate were defined as
nonconventional materials.

Table 1

The proximate and ultimate analysis of OFMSW and digestate [11]
Proximate composition Sample

OFMSW Digestate

Moisture content (wt.%) 76.3 77.9
C-fix (% dw) 10.4 6.2
Volatile matter (% dw) 66.4 52.7
Calorific value of dry basis (MJ/kg) 18.05 12.92
Ash content (% dw) 23.2 41.1
Ultimate composition (% dw)
C 42 29.7
H 5.4 2.8
N 5.57 5.37
o* 21.8 25.2
S 0.94 1.07
Cl 0.66 0.06
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2.2.2. Anaerobic digestion

The AD of the OFMSW produced CH4, CO2, organic liquid, and
digestate. In this study, the mass balance of the AD process was derived
from the biogas plant in Skellefted. According to the report from the
plant, the mass of solid waste was reduced by 85% during AD. One tonne
of the OFMSW can produce 200 Nm?® of CH4 from AD at 52-53 C, ac-
cording to the information from the biogas plant [33]. The biogas usu-
ally contains 50-70 vol% CHy4. The rest of the biogas is mainly
contributed by CO2 [34]. In this study, the composition of biogas was
defined as 60 vol% CH4 and 40 vol% of CO». In the simulation of the AD
process, the Stream OFMSW was firstly heated by the Heater OPTEMP to
the preferred temperature of AD, then introduced into the AD reactor.
The AD reactor was modeled by using an RYield block. The resulted
product was then separated in the next block MECDW as shown in Fig. 2.

2.2.3. Mechanically dewatering and thermal drying

The water content in the digestate can be reduced by applying the
mechanical dewatering process. In a previous study, different types of
dewatering methods were discussed [16]. In this study, the screw press
was chosen to dewater the digestate. The electricity consumption of the
screw press was calculated outside of the ASPEN Plus software, which
was defined as 1.1 kWh/ton digestate. The moisture content of dewa-
tered digestate was determined to be 60%, according to the reference
[16]. The separated liquid digestate abundant in nutrients was named
ORGANLIQ in the model, which can be utilized as a liquid fertilizer [35].
The drying process of the digestate could be problematic because the
water bonded with the matrix of the digestate requires a long time to
remove. Zhu et al. studied the thermal drying efficiency of different
sludge digestate at 100-200 ‘C [36]. In this study, a 150 C of drying
temperature was chosen for the thermal drying process. Expected
moisture content after drying was defined as 50%. In the model, the
dewatered digestate DWDIGE was introduced in the dryer, which was
modeled by using a separator DRYER1 and a Flash2 unit DRYER2. The
DRYER]1 separated the excess water into the DRYER2, while left 50% of
water in the digestate steam. The DRYER2 was set at a 150 C tempera-
ture and a 1 bar pressure.

2.2.4. Pyrolysis

In our previous experimental work [11], char, gas, aqueous fraction
and tar were produced from the pyrolysis of digestate. A heater
PYHEAT, a separator PYSEP, and an RYield reactor PYRO were used to
simulate the pyrolysis process. The feedstock was first heated up in the
PYHEAT heater. Then, the moisture was separated from the digestate by
the PYSEP separator and remixed with pyrolysis product, facilitating the
sensitivity analysis of dewatering technology. The dry digestate was
then introduced into the PYRO reactor. In this model, The PYRO reactor
was operated at 550 C and using a 1 bar pressure. The product yield was
based on the experimental data.

The components in the aqueous fraction were analyzed via GC/MS in
the previous study [11]. The detected compounds were classified into 11
groups depending on the functional groups. The model compound was
chosen to present each group in order to facilitate the model develop-
ment and improve the convergence rate of the model. The chemical
groups and model compounds are listed in Table S4. Tar fraction is
abundant of heavy organics, which present as the solid state at room
temperature. It becomes a liquid state when heated up to around 40 C,
according to our previous study [11]. In a previous study, the compo-
sition of tar from pyrolysis of digestate was analyzed [37]. The proxi-
mate and ultimate compositions of char product and gas products were
present in our previous study and used in the current study [11]. In the
modelling of pyrolysis, the char and tar fractions were determined as
nonconventional materials. The product yield of pyrolysis was normal-
ized and listed in Table 2.

2.2.5. Catalytic reforming
Aqueous, tar, and gas products were introduced into the catalytic
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Table 2
The modified product yield of pyrolysis in percentage

Component 450C 550C 650°C

Char 58.17 55.10 53.20
Tar 9.62 11.18 12.30
H,0 18.85 17.90 17.04
Acetic acid 0.21 0.00 0.00
Cyclohexanol 0.00 0.03 0.00
Acetamide 0.06 0.00 0.00
Methyl-isopropenyl-ketone 0.20 0.12 0.74
Phenyl acetate 0.22 0.12 0.35
1,2,3,6-tetrahydrobenzaldehyde 0.15 0.06 0.01
N-undecane 0.24 0.69 0.24
Cyclopentanone 0.34 0.41 0.18
Benzonitrile 0.04 0.07 0.00
Pyridine 1.35 1.74 1.29
Phenol 0.28 0.23 0.12
Levoglucosan 0.19 0.00 0.15
Pyrazine 1.19 1.05 1.37
H, 0.08 0.21 0.36
CH4 0.42 0.94 1.30
Cco 1.03 1.56 2.56
CO, 6.36 7.50 7.65
CoH, 0.10 0.22 0.33
CyHg 0.23 0.36 0.35
CoHy 0.00 0.15 0.17
CsHg 0.30 0.34 0.31
C3He 0.38 0.00 0.00
Total 100.00 100.00 100.00

reformer to form an Hj riched gas. The RYield reactor TARDECOM,
RGibbs reactor CATREF, heater REFHEAT are used to simulate this
process [30]. As a nonconventional material, the reforming of tar frac-
tion cannot be modelled by using the Gibbs free energy minimization
procedure [38]. Therefore, the tar fraction was firstly separated from the
pyrolytic vapour, cracked into the chemical substance of each element in
the TARDECOM reactor, merged with other conventional compounds,
heated, and finally introduced into the CATAREF reactor together with
other products. The CATAREF was set as 800 C and 1 bar pressure.
Table 3 concluded the previous experimental work of catalytic

Table 3
Catalytic reforming of pyrolytic vapour from pyrolysis of biomass/wastes
Feedstocks Configuration of Catalyst Conversion Ref.
pyrolysis/ Catalytic (%)
reforming
Forest pine Pyrolysis: 500 C in Ni supported 100 % [18]
wood fluidized bed; on Al,O3,
waste, Catalytic reforming: ~ doped with Ca
particle 600-700 C in fixed (Sud Chemie,
size 1-2 bed G90LDP)
mm
Meat and Pyrolysis: Ni/y-Al,O3 97.9-99.0 [39]
bone meal 450-500 °C; dopped with %
Catalytic reforming: Ca, Mg, K;
fixed bed 700-800 calcined
C dolomite
Wood Pyrolysis: fixed bed Ni/CaAlOy 95.0-99.0 [19]
sawdust 500 C; Catalytic %
reforming: fixed
bed 800°C
Wood chips, Pyrolysis: fluidized Ni/Al,03, Ni- > 99.0 % [21]
Pig manure  bed 600°C; Catalytic ~ brown coal
compost reforming: fixed char
bed 650 C
Wood pellet Pyrolysis: Screw Ni/Al,O3 73.0 % [20]
reactor 500 C;
Catalytic reforming:
fixed Bed 760 C
Olive tree Pyrolysis: fixed bed Biochar + Ni/ 66.2 % [40,41]
cuttings 750 C; Catalytic Al,03- CeO,

reforming: fixed
Bed 900 °C
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reforming of pyrolytic vapour from pyrolysis of biomass/wastes. Among
all the studies, the pig manure compost and the meat and bone meal has
a similar chemical composition with the digestate used in this study
[21,39]. The conversion of the catalytic reforming of these two studies
reached up to 97.9-99.0 %. In this study, the Ni catalysts was assumed to
be used, and the conversion of the feedstocks into syngas was assumed to
be 100% in order to facilitate the simulation. The variation of the con-
version of catalytic reforming was further studied in the sensitivity
analysis.

2.2.6. Syngas cleaning and adjusting

Several heat exchangers, water scrubbers, and gas compressors were
used in this model. The sensible heat of syngas produced from catalytic
steam reforming (800 ‘C) was recovered to heat the pyrolytic vapour and
dewatered digestate by using two heat exchanger units HEATEX1 and
HEATEX2. After the syngas have been cooled by the heat exchangers, it
was mixed with the steam from DRYER2, cleaned, and then cooled by a
water scrubber WS2. The water content in the syngas and the steam from
DRYER2 was condensed and separated as WASTEWAT stream. Before
introducing the syngas into the methanation reactor METHA, the gas
composition needs to be adjusted according to the TREMP™ methana-
tion technology, where the molar ratio of (H2-C03)/(CO + CO3) should
reach 3, which requires a CO, removal of the dry syngas [22]. Also, a
pressure swing separation (PSA) technology was chosen in this study to
absorb the excess CO; gas. After the water scrubber treatment, the dry
syngas was compressed to 16 bar in the gas compressor COMPRES].
Thereafter, the compressed syngas was cooled to the PSA’s working
temperature, which was set as 40 C. Thereafter, the CO5 molar ratio in
the syngas was adjusted in the PSA separator.

2.2.7. Methanation

The methanation process was simulated by using an RGibbs block
METHA. The input was preheated to 200 C, according to the suggestion
in reference [22]. The product was estimated by minimizing the Gibbs
energy of the product. The syngas conversion followed the experimental
data from TREMP™ methanation technology, which assumes a 95%
conversion of CHy in the product [22]. In this study, the dry syngas
stream was splited into two streams representing 95 and 5% of the mass
of the initial syngas; only the major stream was introduced into the
METHA reactor.

2.2.8. COz removal and compressing

The CHg4-rich gas from methanation was cooled down to condense
the produced water. Then, the dry gas was mixed with the compressed
biogas from AD and cleaned in the PSA to remove the CO; gas. The
separated CO, from PSA was captured via compressing [42]. The energy
consumption of PSA was defined as 114 kWh/ ton CO; according to the
literature [43].

2.2.9. The impact assessment

Two impact assessment procedures were defined in this study in
order to evaluate the performance of the process, and to compare the
result with those of the conventional AD process.

Process energy efficiency. The process energy efficiency 7 of the process is
defined as shown in the following equation (1),

Eprodurr

n= x 100% €y

Epmcess + Efeedslock

while Eproquc: represent the chemical heat of the produced CHg,
Eprocess is the electricity demand during the process, Efedsock is the
chemical heat of the feedstock OFMSW.

Energy demand per capita of stored CO,. Carbon negativity is represented
by the compressed CO, and biochar in this study, which is converted
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into CO, equivalents as COseq. The total carbon negativity is repre-
sented by the CO5 storage in kg. The energy demand per kg of CO5
storage, Epc, is an important indicator for evaluating the economic
feasibility of using this process for BECCS, which is described using the
following equation (2),

E Epmz‘c:s
NC

=P ] 2
NegativeCO,eq x 100% 2

while the Negative COeq is the amount of compressed CO, and the
CO; equivalent been stored in biochar.

2.3. Sensitivity analysis

2.3.1. Pyrolysis temperature

The pyrolysis temperature is one of the key sensitivity parameters in
this study. It is well known that pyrolysis temperature can influence both
the composition and yield of pyrolytic products. Three pyrolysis tem-
peratures of 450, 550, 650 ‘C were used in this study. In addition, the
experimental results from previous research were used [11]. It should be
noticed that char stability is one of the essential factors which affect the
carbon stability of the biochar in the soil. Our previous study investi-
gated the stability of carbon in biochar, by using the accelerated
oxidation method [44]. According to this previous study, the recalci-
trant carbon ratios in biochar from pyrolysis of 450, 550, 650 C were
defined as 0.26, 0.73, 0.85, respectively. The amount of recalcitrant
carbon represents the carbon that can be stored for a long time. This
study calculated the negative CO2eq of biochar by assuming that all the
recalcitrant carbon is converted to CO; gas.

2.3.2. Dewatering technology

Different dewatering technologies highly affects the dewatering ef-
ficiency and the moisture content of the dewatered digestate. Table 4
describes three conventional technologies for dewatering the digestate.
In this study, different technologies were tested to analyze how sensitive
the process performance is to the level of dewatering. For each dew-
atering technology, the highest electricity consumption and lowest
moisture content were chosen for a sensitivity analysis.

3. Result and discussion
3.1. Model validations

The model of the AD process was validated by using the industrial
data from the biogas plant Skellefted biogasanldggning [33]. The model
of pyrolysis process was validated by using the data from our experi-
mental work, which used the OFMSW and digestate from the same
biogas plant [11]. The model of catalytic reforming and PSA was vali-
dated by conducting the literature review of the catalytic reforming of
pyrolytic vapour. The methanation process was validated by using the
industrial data from the GoBiGas project [45]. The main limitations of
such models are listed as follows: i. The composition of the OFMSW and
digestate could varies from place to place, which can affect the feasi-
bility of this process. ii. The pyrolysis experiment was conducted on
bench scale fixed bed reactor. The product yield could be different from
it in a continuous process. iii. The catalytic reforming of the pyrolytic

Table 4
The different dewatering technology and their efficiency [12]

Mositure content Electricity Dry matter content in
after dewatering (wt ~ consumption (kWh/  the separated liquid
%) ton) (wt%)
Centrifuge 70-82 1.80-7.00 <0.5
Screw 60-75 0.24-1.10 <0.5
press
Belt press 75-79 0.08-0.12 <0.5
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vapour is an emerging technology. More research needs to be done on
this teccnology.

3.2. Mass and energy balance

The Sankey diagrams of mass and energy balance of the APRM
process are presented in Figs. 3 and 4. After AD, over 80% of the mass of
the feedstock was converted into liquid digestate, which can be used as
fertilizer. From the entire process, 151.4 kg CHy4 (with a purity of 96 vol
%), 304.5 kg compressed CO2, 80.8 kg biochar, and 184.5 kg wastewater
were obtained. The APRM process increased the biogas production by
10% compared to when using the conventional AD process.

According to Fig. 4, it can be observed that the biogas produced from
AD contains 40% of the energy from the feedstock. Also, 2398.53 MJ of
electricity power was required to sustain this process. Two heat ex-
changers recovered 291.4 MJ of heat from the reforming gas, reducing
energy consumption by around 10%. The chemical heat contained in the
CH4 product was increased by 12.2% when using the APRM process
compared to the conventional AD process. For the APRM process, the
process energy efficiency n was 0.40, and the Eyc was 6.74 MJ/kg
CO2eq.

It was indicated in many studies that pyrolysis of digestate is an
exothermic reaction [46-49]. Therefore, the energy demand in pyrolysis
reactor is defined as the heat required for heating up the reactant to the
pyrolysis temperature, while the heat of pyrolysis is not taken into ac-
count. An rough estimation of the pyrolysis reaction heat is present as
Table S6 in the Supplementary file. Furthermore, the heat loss from
drying (>150C), methanation (>200C), and compressors before PSA
(>400C) have the potential to be recovered.

3.3. Comparison between APRM and conventional CH4 production
processes

In order to evaluate the performance of the APRM process, the
comparison between APRM and other methane production technologies
(AD and gasification) was discussed. As shown in Table 5, the process
energy efficiency of the APRM process is higher than it of the AD pro-
cess, but lower than the gasification process. According to Fig. 4, the
major consumption of electricity is contributed by drying, pyrolysis,
reforming, and PSA treatment. Higher process energy efficiency could be
reached by applying more efficient water removal and CO, separation
technologies. Furthermore, only the APRM process has the potential to
store carbon emission with an Eyc of 6.74 MJ/ kg negative COzeq. In
addition, the APRM process can reach nearly a 100% recycling rate of
OFMSW.

C02:264.0kg
CH4:131.4kg

‘Water scrubber

Dry reforming gas: 84.3 kg
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3.4. Sensitivity analysis

3.4.1. Pyrolysis temperature

The pyrolysis temperature is an essential parameter for the pyrolysis
process. It affects the composition of the pyrolysis vapor, yield of each
product, and the heat required during the process [37]. In this study,
three pyrolysis temperatures were chosen to evaluate the influence of
the pyrolysis temperature on the performance of the APRM process. The
product yield from the experiment was modified via a rigorous calcu-
lation based on mass and elemental balance. The detailed product dis-
tribution of the pyrolysis reactor is shown in Table 2. The effect of the
pyrolysis temperature on the key indicators is presented in Table 6 and
Fig. 5. The electricity consumption of each process, the CH4 production,
and amount of compressed CO5 show a positive correlation with the
pyrolysis temperature. This is because a higher pyrolysis temperature
increases the yield of the pyrolytic vapor. Hence, more energy is
required to heat this vapor. The reforming and methanation processes
would consume more energy at higher temperatures compared to at
lower temperatures, resulting in a higher total electricity consumption.
It is difficult to determine which pyrolysis temperature is preferable for
energy production as well as the environment. Hence, we have intro-
duced two indicators, namely the process energy efficiency and energy
demand per kg of negative COzeq. As shown in Fig. 5, the 550 C case
shows the highest process energy efficiency of 0.40, while demanding
energy of 6.74 MJ to store 1 kg negative COeq. The 450 C case shows
the lowest process energy efficiency of 0.39 and requires the highest
energy of 7.07 MJ per kg negative COzeq, among the three APRM pro-
cess cases.

3.4.2. Dewatering technology

In this sensitivity analysis, three different dewatering technologies
combined with a 550 C as pyrolysis temperature were chosen. The
dewatering technology decides the moisture content of the digestate,
which strongly affects the process energy efficiency due to the signifi-
cant power demand of the drying process. The screw press, centrifuge,
and belt press represent 1.1, 7, 0.12 kWh/tonne digestate power demand
for dewatering and to reach 60, 70, 75 % of moisture contents after
dewatering, respectively. The electricity consumption of the mechanical
dewatering and thermal drying of different dewatering technology is
presented in Table 7. It can be seen that the screw press could be the
most energy-efficient technology. Fig. 6 shows that the decisive
parameter for each indicators is the moisture content after dewatering,
which positively correlates to the Eyc and is negatively correlated to the
n. Therefore, one of the critical optimizations of this APRM process is to
find an economically feasible way to increase the dewatering rate. One
of the candidate technologies could be hydrothermal carbonization

IPSA I

Steam: 69.9 kg
Dry OFMSW: 1000.0 kg
‘Water content: 3219.4 kg

Digestate: 139.9 kg
Moisture: 209.8 kg|

Reforming gas: 198.8 kg

C02:39.7kg

L

| CO2 compressor |—
CO2:304.5kg

MeDewateq

Pvralvsisl—l Eellie
yroly reforming

[ seoansin |

Liquid digestate: 3423.1 kg

Char: 80.8 kg

CH4 (96v01%): 151.4 kg

‘Wastewater: 23.0 kg

Fig. 3. Mass balance of the APRM process using a pyrolysis temperature of 550 C and a screw press as the dewatering technology.
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‘CH4:7246.3 MJ

Heat loss: 332.0 MJ

OFMSW: 18050.0 MJ

HeatEX2: 89.8 MJ
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Heat loss: 73.2 MJ.

Compressed CO2:34.6 MT

Char: 25.0 MJ

Liquid fertilizer: 5134.1
Reaction heat: 3793.1 Mf

Total electricity supply: 2398.5 MJ

Heat loss: 458.9 MJ

Catalytic
reforming

[Methanatior Heat loss: 1.8 MJ

Heat Ipss: 7.5 MJ

Heat loss: 178.7 MJ

Heat loss: 703 MJ 3
ooling]

CHA4(96v01%): 8133.6 M

e

Heat loss: 149.2 MJ

1086.2 MJ

Fig. 4. Energy balance of the APRM process with pyrolysis temperature of 550 C and a screw press as the dewatering technology.

Table 5
A comparison between the APRM and AD processes
Total CHy4 Process Waste
energy production energy reduction
input/ MJ /MJ efficiency
APRM 20448.53 8133.63 0.40 100 %
AD [33] 18050.00 7227.00 0.40 85 %
Gasification: - - 0.65 -
GoBiGas
demonstration
plant [45]
Table 6

Sensitivity analysis of pyrolysis temperature with screw press as dewatering
technology

450C 550C 650C
Electricity consumption/ MJ 676.36 766.24 806.34
Mechanical dewatering 16.71 16.71 16.71
Drying 188.59 188.59 188.59
Pyrolysis 573.08 642.80 716.75
Catalytic reforming 171.45 241.83 277.17
Methanation 18.21 23.27 24.19
PSA and Compressing 1266.14 1285.33 1288.90
CH4 production from digestate/ MJ 695.68 906.63 937.07
Total CH4 production/ MJ 7922.67 8133.63 8164.07
Compressed CO,/ kg 300.07 304.61 305.45
Negative COeq of biochar/ kg 68.86 69.92 62.74

(HTC) process. It is claimed that the HTC process combined mechanical
dewatering can save 70% energy during reduction of the moisture
content of digestate [37,50].

3.4.3. Catalytic reforming efficiency

Another crucial parameter is the catalytic reforming efficiency. The
catalytic reforming of the pyrolytic vapor is an emerging technology.
The information on the selection of the catalyst and reforming conver-
sion is limited. According to the literature review on the catalytic
reforming of pyrolytic vapour present in Chapter 2.2.5, the conversion
of the pyrolytic vapour varies largely. Therefore, a sensitivity analysis on
the conversion is essential. In this study, the range of the conversion has
been determined from 60 to 100%, depending on the catalyst perfor-
mance. The result of the sensitivity analysis is shown in Fig. 7. It
revealed 7 increases as the increase of the conversion of catalytic
reforming, while Exc shows reversed the trend.

3.5. Techno-economic assessment

The techno-economic assessment of the proposed process coupling
with the commercial AD process was conducted through an operating
expense (OPEX) calculation based on prices in Sweden. 550 C as py-
rolysis temperature, screw press for dewatering and a 100% conversion
of catalytic reforming are employed for the OPEX calculation. The mass
flow of the proposed process was defined based on the digestate pro-
ductivity of Skellefted biogasanldggning. The capacity and conditions of
reactors are listed in Table S5. In this OPEX calculation, the OPEX and
revenue of AD are not included since the individual AD is a profitable
process. The number of labourers is assumed to be the same as the AD
plant. Therefore the personal cost is defined as 0. In Table 8, the as-
sumptions for OPEX calculation is listed. An average of 0.02% of the
total catalyst is assumed to be replaced every hour to make up for the
irreversible deactivation. The COzeq captured and stored by compressed
CO4 and biochar could be a potential commodity depending on future
policies. The price of the negative COzeq was defined as the Swedish
carbon tax-1200 SEK/ ton CO; emission. Table 9 present the main
process parameters which were used for the OPEX calculation. The
result of the annual OPEX is present in Table 10. The annual OPEX result
shows that the proposed process is not profitable if it is independent
from AD, with a loss of —0.055 SEK per kg dry OFMSW. This number can
reach 0.371 SEK income per kg dry OFMSW when the negative COseq
can be sold as a commodity.

3.6. Discussion and future work

This proposed APRM process convert digestate waste into bio-
methane and negative COzeq, which contributes to the UN’s sustain-
ability goals. In the IPCC AR6 report, the BECSS is described as the
dominant CO, removal technology in the climate stabilization scenarios
[58]. This affordable APRM process has the potential to play an
important role in the BECCS field. In Sweden, the widely applied waste
sorting technology enables the separation of OFMSW from MSW then
disposed of through the AD process [33,59]. A considerable amount of
digestate is available in Sweden. For example, in other developed
countries, Germany, 35% of MSW is used for energy generation, 51% is
used for recycling, and 14% is treated by composting [60]. However, the
management of OFMSW varies from developed countries to developing
countries. In China, >10% of the world’s MSW is produced and treated
by landfill (52%), incineration (45%) and composting (3%) [61]. Most
OFMSW was not sorted out from the MSW, then disposed of via landfill
and incineration. To implement the proposed APRM process for OFMSW
treatment, a developed waste sorting system and biogas plant are the
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Fig. 5. The sensitivity analysis of pyrolysis temperature with screw press as dewatering technology and 100% conversion of catalytic reforming.

Table 7
The electricity consumption of mechanical dewatering and thermal drying of
different dewatering technology with pyrolysis temperature of 550 C

Electricity consumption/ MJ Screw press Centrifuge Belt press
Mechanical dewatering 16.71 106.33 1.82
Thermal drying 188.59 502.91 754.36
Total 205.30 609.24 756.18

prerequisites. Furthermore, a life cycle analysis and a capital expendi-
tures calculation are recommended for further validation of the feasi-
bility of this process.

4. Conclusion
A steady-state equilibrium model was built to simulate the proposed

process combining anaerobic digestion, pyrolysis, catalytic reforming,
methanation, and carbon storage. 151.4 kg CHy4 (96 vol%), 355.64 kg

negative CO; equivalent storage is produced from the APRM process by
consuming 1000 kg of dry matter organic fraction of municipal solid
waste and 2398.53 MJ electricity. The model result and literature re-
view shows that heat released from the pyrolysis of digestate can make
up the energy demand of the pyrolysis reactor. 550 ‘C of pyrolysis tem-
perature, screw press is the optimized parameter for this process in as-
pects of process energy efficiency and the energy demand for storage of
1 kg COzeq. The conversion of catalytic reforming shows a positive
correlation with the process performance. The operating expenses and
revenue calculation indicated a positive net profit of 0.371 SEK per kg
dry organic fraction of municipal solid waste, if the CO5 negativity can
be sold as commodity.

CRediT authorship contribution statement

Shule Wang: Conceptualization, Methodology, Software, Valida-
tion, Formal analysis, Investigation, Resources, Data curation, Writing —
original draft, Writing — review & editing, Visualization. Yuming Wen:

0.41 1 r 9.00
(o8
2
/ g
c (@)
§o.4o - - 6.00 2
5
S =
% E
- ©
B ;
2 0.39 1 - 3.00 ©
W S
)
C
L

0.38 T 0.00

Screw press Centrifuge Belt press AD

N Energy efficiency

E MJ/kg CO.eq

Fig. 6. The sensitivity analysis of dewatering technology at a base case of 550 C of pyrolysis temperature and 100% conversion of catalytic reforming.



S. Wang et al.

0.41 1

0.40

0.39

Energy efficiency n

Energy Conversion and Management 252 (2022) 115042

r 6.88

- 6.84

- 6.80

- 6.76

- 6.72

Energy demand MJ/kg CO.eq

0.38 -

60% 80%

mmmm Energy efficiency

6.68
100% AD

E MJ/kg CO.eq

Fig. 7. The sensitivity analysis of catalytic reforming conversion at a base case of 550 C of pyrolysis temperature and screw press dewatering.

Table 8
The assumptions of the prices for the OPEX calculation
Assumption and prices Value Ref.
Duration of operation (h/year) 8000
Feedtsock (SEK/kg) 0
Electricity (SEK/kWh) 0.45 [51]
Biomethane (SEK/kg) 17.21 [52]
Carbon negativity (SEK/kg) 12.00 [53]
Reformer catalyst (SEK/kg) 60.00 [54]
Methanation catalyst (SEK/kg) 60.00 [54]
Solid disposal (SEK/kg) 3.9 [55]
Catalyst bulk density (kg/m3) 1000 [54]
Gas hour space velocity for reforming and methanation catalyst 4454 [56]
™
Replace of the irresible deactivated catalyst reforming and 0.02%  [57]
methanation catalyst (make-up) (h~1)
Table 9
The summary of the main parameters for OPEX calculation
Paramters Values Paramters Values
Consumption
OFMSW in dry basis (kg/h) 362.38 Catalytic reforming 24.34
Electricity (kWh/h)
Mechanical dewatering 1.68 Catalytic reforming Mak-up 0.004
Electricity (kWh/h) catalyst (kg/h)
Drying Electricity (kWh/h) 18.98 Methanation Electricity 2.35
(kWh/h)
Pyrolysis Electricity (kWh/ 64.70 Methanation Mak-up 0.002
h) catalyst (kg/h)
Solid disposal (kg/h) 0.006  PSA and compression 129.38
(kWh/h)
Product
Biomethane produced from 5.17 CO2eq (kg/h) 128.88

digestate (kg/h)

Conceptualization, Validation, Resources, Data curation, Writing — re-
view & editing, Visualization. Ziyi Shi: Software, Validation, Writing —
review & editing. Ilman Nuran Zaini: Methodology, Formal analysis,
Resources, Data curation, Visualization. Par Goran Jonsson: Writing —
review & editing. Weihong Yang: Conceptualization, Writing — review
& editing.

Table 10
The annual OPEX of APRM process
Parameters Values Parameters Values
(MSEK/ (MSEK/
year) year)

Cost

Mechanical 0.006 Methanation Electricity 0.008
dewatering
Electricity

Drying Electricity 0.068 Methanation Mak-up 0.001

catalyst

Pyrolysis Electricity 0.233 Solid disposal 0.00

Catalytic reforming 0.088 PSA and compression 0.47
Electricity

Catalytic reforming 0.004
Mak-up catalyst

Product

Biomethane 0.711 Negative COzeq 1.237

Total OPEX 0.872 Total revenue 0.711

Total revenue with 1.948 Gross production cost (SEK/ 0.301
negative COzeq kg- dry OFMSW)

Loss/Gain based on —0.055 Loss/Gain based on OPEX 0.371

OPEX (SEK/kg- dry
OFMSW)

with negative COzeq (SEK/
kg- dry OFMSW)
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