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ARTICLE INFO ABSTRACT

Keywords: Bioenergy with carbon capture and storage (BECCS) technology is expected to support net-zero targets by
BECCS . supplying low carbon energy while providing carbon dioxide removal (CDR). BECCS is estimated to deliver 20 to
E;Ciimn dioxide removal 70 MtCO, annual negative emissions by 2050 in the UK, despite there are currently no BECCS operating facility.

This research is modelling and demonstrating the flexibility, scalability and attainable immediate application of
BECCS. The CDR potential for two out of three BECCS pathways considered by the Intergovernmental Panel on
Climate Change (IPCC) scenarios were quantified (i) modular-scale CHP process with post-combustion CCS
utilising wheat straw and (ii) hydrogen production in a small-scale gasifier with pre-combustion CCS utilising
locally sourced waste wood. Process modelling and lifecycle assessment were used, including a whole supply
chain analysis. The investigated BECCS pathways could annually remove between —0.8 and —1.4 tCOge tbiomas{l
depending on operational decisions. Using all the available wheat straw and waste wood in the UK, a joint CDR
capacity for both systems could reach about 23% of the UK’s CDR minimum target set for BECCS. Policy
frameworks prioritising carbon efficiencies can shape those operational decisions and strongly impact on the
overall energy and CDR performance of a BECCS system, but not necessarily maximising the trade-offs between
biomass use, energy performance and CDR. A combination of different BECCS pathways will be necessary to
reach net-zero targets. Decentralised BECCS deployment could support flexible approaches allowing to maximise
positive system trade-offs, enable regional biomass utilisation and provide local energy supply to remote areas.

Decarbonisation of energy supply

1. Introduction renewable energy [6]. BECCS systems create a negative carbon flow
from the atmosphere into geological storage (see Fig. 1.). Carbon dioxide
removal (CDR) is performed via biological sequestration during biomass

growth [7]. The biomass can be used as a fuel, or it can be converted into

Anthropogenic climate change with the sharp rise in atmospheric
concentrations of greenhouse gases (GHG) is one of the biggest chal-

lenges of our time. Carbon dioxide (CO3) is the primary GHG contrib-
uting to more than 80% of the total emissions [1]. As a result, many
countries, including the United Kingdom, have adopted net-zero emis-
sions targets to maintain global average temperature rise below 2 °C
with respect to the pre-industrial era [2,3].

Since mitigation efforts are unlikely to result in the required emission
reductions to prevent climate change [1], net-negative emission tech-
nologies (NETs) are increasingly discussed as a possible solution to
balance GHG emission sources and sinks with the potential to offset the
‘overshooting’ atmospheric COy concentration [4,5]. Among NETs,
bioenergy with carbon capture and storage (BECCS) is an option that
could generate negative emissions whilst simultaneously producing
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an energy vector through the application of heat, chemicals, microbial
activity or a combination of these methods [8]. However,
biomass-to-energy processes can still constitute large point sources of
CO;, previously sequestered during biomass growth. Therefore, carbon
capture technologies, already implemented for the fossil fuel industry
[9-111, could be integrated with bioenergy processes to reduce emis-
sions of biogenic CO, back to the atmosphere [12]. The captured CO5
can be stored in appropriate geological underground reservoirs or be
used for other purposes with a long-term lock-in or storage of CO, [13].

The potential for BECCS to deliver negative emissions does not only
lie in the CDR opportunity. Modern bioenergy applications can use
different biomass sources to produce heat, electricity, transport fuels or

Received 8 November 2021; Received in revised form 23 February 2022; Accepted 24 February 2022
0961-9534/© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:a.almena@aston.ac.uk
www.sciencedirect.com/science/journal/09619534
https://www.elsevier.com/locate/biombioe
https://doi.org/10.1016/j.biombioe.2022.106406
https://doi.org/10.1016/j.biombioe.2022.106406
https://doi.org/10.1016/j.biombioe.2022.106406
http://crossmark.crossref.org/dialog/?doi=10.1016/j.biombioe.2022.106406&domain=pdf
http://creativecommons.org/licenses/by/4.0/

A. Almena et al.

other energy carriers like hydrogen. A wide variety of commercially
demonstrated bioenergy technologies could be integrated with BECCS.
Potential sources of bioenergy feedstock include woody and lignocel-
lulosic energy crops (e.g. willow, poplar, miscanthus and switchgrass),
starch-containing crops (e.g. corn, wheat, potatoes), aquatic plants (e.g.
algae), wood and agricultural residues (e.g. forest residues, straw),
municipal solid wastes, used cooking oils, animal manure, sewage
sludge and other biological resources [5,14]. Depending on the char-
acteristics of the feedstock, the most suitable conversion pathway to
bioenergy —i.e. thermochemical, biochemical or chemical- could be
selected [15].

The advantages and CDR potential encompassed in BECCS have
made it the dominating NET in the integrated assessment models (IAMs)
of the Intergovernmental Panel on Climate Change (IPCC) [16,17].
BECCS is an essential part of most modelling pathways that limit global
warming to 1.5 °C, projecting removal of between 151 and 1191 Gt CO2
globally over the 21st century from 2020 onwards [18]. These ambitions
correspond to removing an average of 13.5 GtCOy per year [19],
equivalent to one-third of the global CO, emissions reported for 2019
[1]. In a UK climate change mitigation framework, BECCS is also ex-
pected to help achieve the net-zero emissions target by 2050 [20]. As
estimated, BECCS could deliver 20 to 70 Mt CO, annual negative
emissions for the UK [21,22].

Previous research has identified high uncertainty for the optimistic
assumptions in IAMs for large scale BECCS deployment [4,23,24].
Biomass energy is widely used but not at large scale, and CCS technol-
ogies have been demonstrated but not commercially established [25].
BECCS applications are still in development, and yet the commercial
experience is scarce. Six active BECCS facilities operate worldwide,
capturing approximately 1.7 Mt CO, per year [26,27]. The only
large-scale facility (>400 kt CO5 p.a. stored) is the Illinois Industrial
CCS, capturing up to 1 Mt CO5 annually, while the remaining applica-
tions are pilot-to small-scale systems [26]. In the UK, only Drax has
implemented two BECCS pilot facilities with a potential removal ca-
pacity of 700 t CO4 p.a [28].

Since commercial BECCS deployment still requires time to be an
established reality, a decentralised vision could represent a solution to
enable quicker uptake of BECCS supporting CDR and local energy pro-
vision. Bioenergy processes allow scalability [29], and BECCS could
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integrate with existing bioenergy systems at various scales, such as
modular CHP systems or gasifiers [30,31]. This would allow decen-
tralised, demand-focused energy provision and the use of regionally
sourced biomass and residues simultaneously, thus offering flexibility
and sustainability benefits beyond CDR and energy supply [32]. While
this might not support the classical concept of ‘economy of scale’,
further advantages involve lower capital cost per facility and therefore a
reduced risk for investors, a higher and faster industrial learning and
better adaptability to market conditions [33]. In addition, the devel-
oping CO, utilisation market could encourage the circular carbon
economy [34]. Depending on the purity of the CO, captured, its uses
include the food and drink industry [35], the production of chemicals (e.
g. methanol [36], urea [37] or polymers [38]), microalgae cultivation
[39], concrete production [40], synthesis of alternative energy products
(e.g. dimethyl carbonate and dimethyl ether [41]) or fire suppression
[42] among others. Due to the current lack of infrastructure for CO4
geological storage, the highly pure CO, captured and stored in small
scale facilities could be sold as a commodity to those industries. This
could generate extra revenue to support decentralised and small-scale
BECCS deployment, until a centralised large-scale BECCS deployment
that includes CO3 transport and storage/utilisation infrastructure could
be fully developed to support, if required, the decentralised operating
system [29].

To shed light on the uncertainties identified on BECCS capacity to
deliver negative emissions, this work explored and quantified, based on
coupling process modelling and lifecycle analysis methodologies, the
theoretical performance and CDR potential of different decentralised
BECCS systems. In addition, the outcome from this study provided a
metric on how the investigated scenarios could contribute to the UK’s
efforts to supply low carbon energy and achieve net-zero emissions. The
IPCC scenarios consider three pathways for BECCS: (a) electricity and
heat generation, (b) hydrogen production, and (c) liquid fuels produc-
tion [17]. The present study covered two out of three scenarios included
by the IAMs for BECCS:

e Case CHP considers agricultural residues (wheat straw) used in a
heat and power (CHP) facility that involve post-combustion CCS.
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Fig. 1. The carbon flow of BECCS. When BECCS systems are employed, a negative carbon flow from the atmosphere into storage is created.
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e Case H, considers forest residues (white pellets) used in a gasifica-
tion unit to produce hydrogen, with a purity level suitable for fuel

cell operation, involving pre-combustion CCS.

The objectives were to:

Assess the lifecycle emissions and CDR potential of the two BECCS
case studies to evaluate the emission impacts and benefits and their
potential contribution to the UK’s net-zero target.

Assess different key performance indicators of the BECCS system and
the impact of changes in the market strategy and energy demand, e.g.
opt for maximising carbon sequestration or energy production. This
will support a better understanding of how technology can be
operated depending on economic and policy drivers and impacts on
net-negative emissions potential.

Investigate how decentralisation supports different policy and mar-
ket strategies and how these affect the synergies between CDR po-
tential, energy generation and sustainable biomass use. This will
improve the understanding of the diversity of BECCS technologies
and how different drivers can shape the operational choice.

2. Materials and methods
2.1. Assessment methods

Assessing the CDR and net emission potential of BECCS requires a
supply chain perspective from growing and sourcing biomass to the
storage or utilisation of CO; (see Fig. 2). This comprises the biogenic CO,
embedded in the biomass and captured during the conversion process
and all emissions related to land management, crop or forest manage-
ment, harvest, biomass processing, storage, and transport at all supply
chain stages. Additionally, the assessment includes emissions related to
the biomass-to-energy conversion and CO» capture process and any
emissions related to the transport, storage or use of the captured COs.

To assess the net-negative emission profile and compute the CDR
potential of the investigated BECCS case studies, process modelling and
lifecycle analysis (LCA) have been conducted. The modelling of the
bioenergy conversion and CO capture stages supports a detailed anal-
ysis of the process, sensitivity analysis and optimisation potential. Mass
and energy balances, biomass-to-energy yield, carbon capture effi-
ciency, power demand and additional technical features of the process
have been computed and studied. The LCA was conducted to estimate
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the emission impact for all BECCS supply chain stages, as illustrated in
Fig. 2. Variations of the key performance indicators (KPI) were used to
test process sensitivity and evaluate the impact of these parameters on
the process’ net emissions score.

2.2. Description of BECCS case studies

The application of BECCS for power and heat cogeneration (Case
CHP) and hydrogen production (Case Hy) comprise the two case studies
evaluated in the present study (see Fig. 3). The technologies forming
part of the investigated BECCS systems, e.g. combustion, gasification,
post-combustion amine scrubbing, pre-combustion absorption using
methanol or transport pipelines and CO; storage in saline aquifers, have
been all commercially proven as detached technologies [43]. However,
their commercial application as an integrated BECCS system is currently
limited.

2.2.1. Case CHP: Combined heat and power generation with post-
combustion capture

Case CHP, comprised of combined heat and power generation (CHP)
with post-combustion CO» capture using wheat straw as biomass feed-
stock, is considered a key technology for achieving the UK Government’s
emission targets due to its potential role in decarbonising heating and
power production [44]. Implementing an energy system that simulta-
neously produces heat and power can reduce carbon emissions by up to
30% compared to separate generation [45]. Several conversion routes
are available for CHP [46], and this study focused on combustion
combined with a steam cycle. The targeted capacity of this CHP plant is
to produce 30 MW of electricity and 30 MW of thermal energy, thus
characterising a medium-scale CHP facility suitable to be part of a
decentralised energy supply scenario [47].

Wheat straw was selected as the bioenergy feedstock. Using residual
biomass is recommended to achieve a sustainable bioenergy expansion
that prevents negative consequences on land use [23,48-50]. According
to 2017 data, about 1.7 Mt of the UK’s wheat straw are currently not
used and could be available for energetic use [51].

Post-combustion capture technology was selected to remove CO;
from the flue gases produced during biomass combustion. Since the
partial pressure of flue gas is close to atmospheric and CO, concentra-
tions are relatively low, CO, absorption/stripping processes using a
chemical solvent are the preferred option for flue gas treatment over
physical absorption alternatives [52]. Amine scrubbing processes using
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Fig. 2. BECCS supply chain. The resulting balance of CO, sinks (blue arrow) and sources (red arrow) will determine the net-negative emission potential of the
system. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. Block diagram representing the two case studies assessed within this work, i.e. (a) combined heat and power generation with post-combustion CCS, and (b)
hydrogen production via gasification with pre-combustion CCS. Dotted blocks are beyond the scope of the study.

aqueous solutions of alkanolamines have reached commercial applica-
tion [10]. Monoethanolamine (MEA), a primary amine with high alka-
linity, is an excellent choice to treat flue gases from biomass combustion
since they show low CO3, partial pressure and negligible carbonyl sulfide
(COS) and carbon disulfide (CS;) contaminants concentrations [53]. The
main drawbacks of this system are the high energy intensity and
corrosion involved [10,53]. On the other hand, amine scrubbing systems
can recover a continuous low-pressure flow of high CO, concentration.
For pipeline transportation and reservoir storage, the captured CO»
stream is compressed to a supercritical fluid. The supercritical state in-
creases the density of the fluid, and the reservoir capacity is thus
enhanced [9].

2.2.2. Case Hy: Hydrogen production via gasification with pre-combustion
capture

Case Hy comprised hydrogen production via gasification with pre-
combustion capture using white wood pellets from sawmill residues.
Hydrogen is expected to be fundamental in the decarbonisation strate-
gies for industry and transport to meet the UK’s net-zero targets by 2050
[54-56]. In addition, hydrogen is considered a clean fuel since energy

production from Hy only results in water emissions [57,58]. Most
hydrogen production processes, however, generate CO,. Currently,
fossil resources account for 96% of the primary sources of hydrogen
[59], where the gasification of coal and oil fuels 48% of global hydrogen
production [60]. Biomass gasification is considered a viable technology
to replace fossil fuel-based hydrogen production [61,62].

As for Case CHP, and to mitigate land-use implication, a residual
feedstock was considered. White wood pellets from sawmill residues
were chosen as a widely available waste wood biomass feedstock. It is
estimated that the UK has an availability of 16.8 Mm? of wood per
annum over the 50 years 2013-2061 [63], of which a 30% is estimated
as sawdust, offcuts and chips residue that could be used for wood pellet
production [64].

A facility with a 1 MW bubbling fluidised bed (BFB) gasifier and feed
rate of 300 kg h™! of wood pellets were considered. This process would
produce hydrogen at a quality suitable for fuel cell operation. The
thermo-chemical conversion of biomass in the presence of a gasifying
agent allows the production of syngas, primarily containing carbon
monoxide, hydrogen, methane, and CO,. For tar removal, a catalytic bed
material (e.g. dolomite) and oil scrubber were included [62,65]. A set of
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ceramic filters removed the fines from the raw syngas. The concentra-
tion of hydrogen in the syngas was maximised by including two down-
stream water—gas shift (WGS) reactors [66]. However, using WGS for
syngas conditioning also enhances CO; generation as a side product, and
a pre-combustion capture system was incorporated to avoid venting acid
gases [67]. Physical absorption methods are preferred due to the rela-
tively high CO, concentration and low impact on hydrogen yield [52].
The method adopted in this study used methanol as a physical solvent
for acid gases removal, a commercially proven technology (Rectisol®
process) for fossil fuel pre-combustion capture [68]. The hydrogen
produced in the facility is to be distributed as hydrogen fuel for uti-
lisation in vehicular and stationary applications. According to ISO
14687:2019, a minimum fuel index with 99.97% Hy purity is needed
[69]. Therefore, a membrane system was required to meet the technical
specifications to operate fuel cells [70,71]. Metal hydride technology
was suggested as an option to store the produced hydrogen [72]. The
captured CO; stream was either compressed to a liquid to enter the
utilisation market or compressed to a supercritical fluid to be trans-
ported and sequestered underground.

2.3. Biomass specifications

The characteristics of the bioenergy feedstocks, wheat straw and
white wood pellets assessed in the two case studies are compiled in
Table 1. The proximate analysis for wheat straw was carried out on an
as-received basis in the original study [73], while the data provided in
Table 1 is converted to a dry basis. Wood pellets are assumed to be made
from sawmill residues [74].

2.4. Process modelling

The aim of the process modelling was to perform a thermodynamic
equilibrium calculation capable of predicting the thermodynamic limits
of the biomass-to-energy systems. Although equilibrium is not reached
under normal operation and the equipment design is not included, this
type of modelling can determine the formation, consumption, and sep-
aration of those components involved in the process and set yield limits
[77]. Aspen Plus was used to create a digital twin of the two case studies.
Material and energy balances were performed using Aspen Plus capa-
bilities, which include an accurate description of the physical and
chemical properties of pure components and complex mixtures, together
with rigorous models for the unit operations [78]. Aspen Plus was
supported with Fortran user block models when required. Thus, the
process modelling allowed the evaluation of plant behaviour with var-
iations in operating conditions and performance parameters. The
comprehensive report of material and energy inflows/outflows deliv-
ered by Aspen Plus was used as input for the LCA.

Table 1
Proximate and ultimate analysis data for biomass feedstock as received.

Wheat Straw [73] Wood pellets [74,75]

Proximate analysis (wt %, dry basis)

Moisture 4.20" 6.70"
Volatile content (VC) 73.01 84.80
Fixed carbon 19.69 14.50
Ash 7.30 0.70
Ultimate analysis (wt%, dry basis)

C 43.25 49.3
H 5.92 6.00
N 0.84 0.22
S 0.43 0.02
O (difference) 42.26 43.76

Low heating value (MJ kg™, dry basis) 16.41 [76] 18.73

2 Moisture content after drying.
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2.4.1. Process model case CHP: Combined heat and power generation with
post-combustion capture

Fig. 4 shows process flowsheet for the CHP case study. The process
model considered that the baled wheat straw was sent to a comminution
stage to reach an appropriate particle size, i.e. 10 mm, for pulverised
biomass combustion [79]. Due to the limitations of the software, the
pulverised fuel boiler was modelled using a set of two blocks [80]. A
yield reactor (RYield) was coupled with a calculator block, which con-
verted the biomass into its ‘conventional’ compounds by assuming the
devolatilization products can be derived from the ultimate and proxi-
mate analysis. Once the volatile components were identified, a Gibbs
reactor (RGibbs) modelled the reactions assuming Gibbs free energy
minimisation and chemical equilibrium. The airflow was computed to
feed the stoichiometric oxygen for complete combustion to the block. A
cyclone block separated solids (i.e. ash and unconverted char) from
high-temperature flue gases. The heat resulting from combustion was
used to produce high-pressure superheated steam (165 bar, 547 °C). Hot
flue gases were used to preheat the combustion air inflow. The super-
heated steam flows to the steam turbine generator, which comprises a
high-pressure turbine (HP-Turbine), a medium-pressure turbine
(MP-Turbine) and two low-pressure turbines (LP-Turbine and
AUX-Turbine). Two different low-pressure saturated steam streams were
obtained from the steam turbine generator. Utility saturated steam of 3
bar (134 °C) for internal heat supply exited the LP-Turbine, while 10 bar
saturated steam (180 °C) was obtained from AUX-Turbine for external
heat supply. The steam leaving the MP-Turbine could bypass the
low-pressure turbines and be used for internal heat supply if needed.

The COy-rich flue gases were subsequently expanded and blown to
the amine scrubbing system. To replicate industrial size operation
(solvent flow up to 455 m3h?! [531), the absorption-desorption process
was modelled using two RadFrac blocks, i.e. ABS-TOW and STRIPPER
(see Section S.2 of supplementary material). A 32% MEA aqueous so-
lution, the maximum concentration to prevent corrosion, was used as
solvent [53]. NRTL electrolyte model kinetics were set to simulate the
CO9 chemical absorption (see Section S.3 in supplementary material)
[81]. The absorption column head included a water washing stage
(WAT-MEAW) to prevent MEA vapor release to the atmosphere. The rich
solvent exiting ABS-TOW bottoms was heated and fed to the stripping
column to separate the carbon dioxide and MEA. The highest heat de-
mand was to operate the boiler from the STRIPPER block for solvent
recovery. The lean solvent from the stripper’s bottom was cooled, mixed
with the water washing stream and recycled to ABS-TOW. The head
stream with the captured CO, was cooled to condense part of the water
content and sent to the compression block. Four compression stages with
intercooling were included to reach the supercritical fluid state for COx.

2.4.2. Process model case Hy: Hydrogen production via gasification with
pre-combustion capture

The model replicated the existing gasification pilot plant at the En-
ergy and Bioproducts Research Institute (EBRI) at Aston University. The
process flowsheet is shown in Fig. 5. Wood pellets can be readily used for
gasification without any pre-processing. However, process heat surplus
is used to reduce the initial moisture content to enhance the gasification
performance. A bubbling fluidised bed (BFB) gasifier was operated at
800 °C and atmospheric pressure. Like combustion, gasification was
modelled in Aspen Plus coupling RYield and RGibbs blocks [80]. Oxygen
was supplied with an equivalence ratio (ER) of 30% reproducing
biomass gasification operation [62]. It is assumed the gasification per-
forms well without adding steam as thermal moderator [82]. Thus, no
heat is required for steam production, and heat availability to supply the
downstream CDR unit increases. Dolomite was used as catalytic bed
material to improve heat transfer and enhance tar conversion to a
gaseous product at low pressure, thus limiting the biomass tar content in
the syngas [62,83]. A stoichiometric reactor block (RStoic) was added
before the RGibbs to simulate tar production. Tar was assumed to be
represented only by naphthalene [65], and conversion was set to allow
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Fig. 4. Flowsheet for the wheat straw to bioenergy conversion process comprising a) CHP module and b) post-combustion carbon capture module.

2.5 ¢ Nm > of producer gas, according to experimental data on BFB
using catalytic tar reduction [84]. Ash, unconverted char and dolomite
were separated from the producer gas in a subsequent cyclone. Heat was
recovered from the hot gases before entering the oil scrubber for tar
removal. The physical solvent, i.e. used rapeseed cooking oil, was rep-
resented in Aspen Plus by four fatty acids [85] entering the absorption

column (RadFrac) at 6 °C. The Peng-Robinson equation of state with
Boston-Mathias corrections was selected to predict thermodynamic
properties and phase equilibrium behaviours for mixes that involve gas
processing [86]. The rich solvent from the column bottoms was chilled,
decanted and cleaned in a centrifuge to be recycled (cleaning system not
shown in Aspen Plus model).
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Fig. 5. Flowsheet for the waste wood conversion to hydrogen comprising a) Gasification module with tar removal and syngas combustion, and b) syngas condi-
tioning with pre-combustion carbon capture module, hydrogen purification and CO, compression block.

The cleaned syngas exited the oil scrubber from the top. The main
syngas stream was sent to the WGS process, while a fraction of the
syngas (the percentage depends on the process heat requirements) was
burned for internal heat supply. Low-temperature catalysed WGS re-
actions occurred in an equilibrium reactor block (REquil) at atmospheric
pressure and 132 °C. A calculator block was programmed to feed a
steam/CO ratio of 1:1 to the reactor, thus enhancing the forward reac-
tion to hydrogen [87]. The conditioned syngas was next cooled down

and flashed (Flash2) for water removal before compression. The Rectisol
system operates at sub-ambient temperatures and medium pressures for
efficient physical absorption of acid gases in methanol. The absorption
column (RadFrac) feed stream was syngas previously compressed to 30
bar and cooled to —21 °C, and methanol solvent at —30 °C [68]. A
reverse Carnot cooling cycle using ammonia as a refrigerant (R717) was
assumed to reach temperatures at standard conditions. The coefficient of
performance (COP), defined as the ratio of the evaporator load to the
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power consumed by the compressor, for ammonia evaporating at —40 °C
(0.07 MPa) and condensing at 25 °C (1 MPa) was 2.15, and the Carnot
efficiency was assumed to be a 60% [88,89]. Rich solvent exited the
absorption tower at the bottoms to be heated and sent to a distillation
column (RadFrac). Lean solvent was extracted from the boiler, mixed
with the make-up methanol stream and recycled. CO2 was obtained from
the partial-vapor condenser and sent to the compression stage as
described for Case CHP.

The gaseous headstream, mainly containing hydrogen, was sent to
the purification stage. The pressure was enough to be expanded, operate
a membrane system (modelled as a separation block with experimental
yields [90]) to reach fuel cell application purity [91] and be stored in
metal hydrides. Low pressure (10-20 bar) and ambient temperatures are
enough for this hydrogen storage technology [92,93]. Since hydrogen
suitable for fuel cell operation is produced, the internal power supply
was assumed to be satisfied using stacked PEM fuel cell technology (up
to 250 KW), operated by a fraction of the produced hydrogen flow. The
fraction of syngas burned for energy supply, and thus the associated CO5
emissions (in this process no post-combustion CCS is considered), were
reduced.

2.5. Life cycle assessment

The goal of the LCA was to evaluate climate change impacts, i.e. COy
and CO; equivalents, of the investigated case studies. The functional
unit was defined as ‘1 MWh of energy delivered by the process’. Ac-
cording to this definition, for the CHP process, the cogeneration of 1
MWh of heat and electricity was considered. For the hydrogen produc-
tion process, the product mass flow equivalent to 1 MWh of useable
energy was accounted. Hydrogen free Gibbs energy (33.33 kWh kg ™1), i.
e. the maximum amount of useable energy available when hydrogen
recombines with oxygen [95], was used to convert hydrogen mass flow
into an energy equivalent. The corresponding unit of measurement was,
therefore, kg of CO, equivalents per MWh produced. Both biogenic and
fossil CO5 emissions and additional GHG releases to the atmosphere
were accounted for. An attributional LCA with a cradle-to-grave
perspective was performed [94]. Mid-point characterisation modelling
was applied since evaluating the latest implications at the cause-effect
chain is beyond the scope of this work [95]. The LCA followed ISO
14040/44 standards and was performed in SimaPro® 9.1. The lifecycle
impact assessment (LCIA) method used was the ILCD 2011 Midpoint +
V1.11 to classify and characterise climate change impacts and estimate

Co2
sequestration
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the resulting net airborne emissions of the system [96].

The system studied here is illustrated in Fig. 6. The system bound-
aries comprised the whole supply chain, including biomass production,
harvest, transportation, feedstock pre-treatment, biomass-to-energy
conversion, COq capture, transport and storage. Accounting for the
emissions associated with the utilisation of the captured CO, was not
within the scope of this research. The average environmental burdens
from those stages to produce a nominated functional unit were obtained
from Ecoinvent 3.6. The process modelling provided the data for
assessing the bioenergy conversion stage with carbon capture. Data to
evaluate the transport and storage of CO5 was taken from Garcia-Freites,
Gough and Roder [97].

The two case studies used residual biomass resources; hence no land-
use change implications were included. Instead, biomass supply chain
emissions from land establishment to arrival at the bioenergy plant were
computed by adapting existing Simapro modules, ‘Wheat straw, at farm/
UK Mass’ included in Agri-footprint database and ‘Wood pellets at
storehouse’ for a European framework included in Ecoinvent 3.6
database.

The wheat straw module was adapted to allocate the environmental
impacts from wheat production to the wheat straw by-product on a dry
matter basis (39%). It was assumed wheat straw were dried naturally
before being packed in bales and transported to the facility. Addition-
ally, CO2 sequestration during biomass growth and transport of the
straw bales over a distance of 100 km (roundtrip) from the farm to the
bioenergy plant [73] were included in the assessment. The white wood
pellets module was used without further addition since it included the
associated CO3 sequestration, transport and pelleting.

When more than one type of energy is produced, i.e. CHP scenario,
an exergy-based allocation was applied to partition inputs and outputs
[98,99]. Downstream emissions associated with supercritical CO9
transportation and underground injection were obtained from previous
work [97].

The oxygen supplied to perform wood pellet gasification in Case Hy
was assumed to be supplied by a cryogenic air separation unit (not part
of process modelling). Therefore, oxygen production and supply emis-
sions were considered within the LCA boundaries and calculated using
Simapro module ‘Oxygen, via cryogenic air separation, production mix,
at plant, gaseous EU-27 S’.

Green methanol was assumed to be produced externally and was
used as a solvent for the Rectisol system [100]. Therefore, the existing
Simapro model ‘Methanol, from biomass/RoW’ was considered. A
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negative emissions contribution is expected from using this type of
methanol, which was included within the energy conversion block.

Although metal hydride technology has been identified as a suitable
option to store the produced hydrogen, hydrogen storage was consid-
ered beyond the LCA boundaries for Case Study B.

2.6. Variation in net-emission potential from alternative operation modes

This analysis assessed the variations of the net-emissions score for
the investigated case studies when considering different KPI and thus
evaluated alternative operational strategies for the same technology. A
more detailed description and justification of the scenarios assessed here
can be found in Section S.1 of the supplementary material.

The CHP operation baseline scenario targeted 30 MWe and 30MWth
supply while removing the maximum ratio of CO, possible without
external energy inputs. In addition, five alternative scenarios comprising
different operational settings for Case Study A were considered:

e Scenario CHP.1 looked at supplying and maximising electricity
production to represent the strategy that would provide the highest
revenue for the operator. A standard efficiency of 72% (80% isen-
tropic efficiency and 90% mechanical efficiency) for the turbine was
considered [101], such as for the benchmark scenario. Efficiencies of
steam turbines, however, can vary and range from 40% to 90% of an
ideal turbine yield [102].

Scenario CHP.2 assumed ideal turbine operation to compute the
system’s theoretical maximum electricity production and assess how
improving turbine efficiency can affect the CDR removal potential.
Scenario CHP.3 represented a strategy that prioritises carbon capture
yield at the expense of energy supply, which could be preferable
when revenue is linked to emission offsets.

Scenarios CHP.4 (i) and (ii) evaluate the uncertainty in the carbon
capture system energy requirements. Previous studies that used the
same post-combustion technology considered here reported energy
consumptions between 10.3 (deficient operation) and 4.1 GJ
(optimal operation) per tonne of CO, captured [103-105].

For Case Study B, the baseline operation mode considered oxygen for
the gasification agent and targeted maximum carbon capture yield. In
addition, five alternative scenarios including different operational set-
tings were considered:

e Scenario Hj.1 assessed how the process would perform using air as a
gasification agent, thus replicating the EBRI pilot plant operation.

e Scenario Hy.2. limits the solvent flow so that the Rectisol capture rate
decreased to 70%, thus achieving the efficiency reported in most
industrial processes [68].

e Scenarios H».3. relates to current uncertainties in fuel cell technol-
ogies performance, three alternative electricity sources were
considered for powering the plant, such as (i) including a hydrogen
CHP module in the process, (ii) taking it from the UK grid, or (iii)
power-to-gas approach using renewable energy (wind power).

3. Results
3.1. Process modelling

The technical assessment results of the bioenergy conversion and
CO4, capture stages of the two case studies are presented in Table 2. The
mass and energy balances for the two benchmark case studies are shown
in Section S.4 of supplementary material.

For Case CHP, 58 t h ™! of biomass was required to produce 30 MW of
electricity and 30 MW of heat (38.35 t h~! of 10 bar saturated steam).
The energy conversion efficiency was 23% with respect to the biomass
energy content on a dry basis (16.41 MJ kg™1). Gross electricity gener-
ation in the CHP block was 41.6 MWe, sufficient to power the whole
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Table 2
Technical performance of biomass-to-energy processes.

Parameters Case CHP — Case H, — Hydrogen
Wheat straw from waste wood
CHP

Biomass input (kg h™!) 58,000 300

Biomass energy content (MW) 264.45" 1.56"

Net power output (MWe) 30.2 0.42"

Net heat output (MWth) 30.2 -

Internal power supply (MWe) 11.4 0.23

Internal heat supply (MW) 165.1 0.43

Energy efficiency (dry basis) 23% 27%

CO,, capture rate at CCS unit 78% 98%

Net CO, removal 78% 81%

CO,, captured per unit of energy 1131 1033

produced (kg CO, MWh 1)
Captured CO, concentration (w %) 99.8% 99.0%

Airborne CO, emissions per unit of 326 181
energy produced (kg CO, MWh™1)

@ Computed using biomass low heating value.
b Computed using hydrogen-free Gibbs energy, i.e. maximum yield to
electricity.

process and reach the production target. A thermal energy surplus of
133.98 t h™! of 3 bar saturated steam was generated and used to remove
78% of the CO, content from the flue gases. To achieve that, 455.22 t
h~! of 32 w% MEA aqueous solution was fed to each absorption column
and recovered at the coupled stripping column. The cogenerated utility
steam was used to operate the two boilers. The uncondensed water in the
gaseous COq-rich stream that exited the absorption-desorption closed-
cycle was balanced with a water washing and water make-up stream to
maintain MEA concentration and prevent corrosion. The joint
compression block processed the two CO; streams producing 68.36 th™?
of highly pure (99.8%) supercritical CO,. The emissions associated with
the bioenergy conversion process accounted for 19.65 t h™! of biogenic
CO4, released to the atmosphere.

For Case Hy, results showed that gasifying 300 kg h™! of wood pellets
resulted in a production rate of 12.6 kg h™! of hydrogen suitable for fuel
cell operation (99.97% of hydrogen content). The energy content of the
product stream was 0.42 MWe considering hydrogen-free Gibbs energy
(33.33 kWh kg™1). Using 1.77 m>h! of methanol, the pre-combustion
CC system could remove 98% of the CO;y content from the syngas. A
flow of 439 kg h™! CO, with high purity (99.0%) was recovered, com-
pressed for pipeline transport and storage. The heat requirements not
satisfied with heat recovery from the hot process streams (e.g. hot pro-
ducer gas out of the gasifier) were met by burning a fraction (14%) of the
producer gas. The power requirements for the cooling process of the
solvent were satisfied using 9.7 kg h™! of the produced hydrogen to
operate a stacked PEM fuel cell with an estimated electrical efficiency of
60% [106,107]. Since no post-combustion CC was included here, flue
gases from the producer gas combustion and the waste gas from the
membrane unit containing CO, were vented to the atmosphere. The
carbon emissions of the process resulted in 76.18 kg h~! of biogenic CO».

The recovered CO, was highly pure in the two scenarios (>99.0%),
which offers potential for utilisation instead of storage [108]. That level
of purity makes the captured CO- suitable for carbonated beverages,
enhanced gas/oil recovery, synthesis of chemicals (methanol, methane,
urea), and polycarbonates, algae cultivation, refrigeration, metal cast-
ing, coffee decaffeination or mineral carbonation [109].

3.2. Life cycle assessment

Following the methodology described in Section 2.4, the LCA results
present the net GHG emissions carbon dioxide mass equivalents pro-
duced per unit of energy (kg COqze MWh_l) of the two case studies (see
Table 3). The LCA inventory can be consulted in Section S.5 within the
supplementary information. The supply chain emissions have been
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Table 3
Carbon attribution per stage for the investigated BECCS case studies.

Case CHP: Wheat straw to
CHP with post-
combustion CCS

Case Hj: Wood pellets to
H, with pre-combustion
CCS

CO,, biological —1474 -1277
sequestration (kg COze
MWh™)

Emissions — Biomass
supply chain (kg COze
MWh™")

Emissions — Bioenergy
conversion (kg COze
MWh™")

Emissions — CCS
Infrastructure (kg COze
MWh™")

Net emissions (kg COze
MWh™ )

361 123

348 275
22 20

—743 —859

merged and classified into four categories, i.e. COy uptake during
biomass growth, CO, emissions from the bioenergy feedstock supply
chain, the bioenergy conversion with CC facility, and the CCS infra-
structure operation. The resulting net emission flow is also presented.

Results showed that for Case CHP, biomass growth sequestered
—1474 kg COqe from the atmosphere per MWh later produced at the
CHP facility. Biomass supply chain including land management, biomass
processing and transportation accounted for 361 kg COoe MWh ™. This
contribution was similar to the CO, emissions associated with the bio-
energy conversion stage (348 kg COze MWh™!). Transporting the
captured CO; through pipelines and operating the geological storage
infrastructure accounted for 22 kg COze MWh L. As a result, Case CHP
system delivered —743 kg COgze net-negative emissions per MWh
produced.

Case H; supply chain also resulted in net-negative emissions. 1 MWh
supplied by the hydrogen produced by the BECCS system offset —859 kg
of atmospheric CO,. The required biomass sequestered —1277 kg COze
MWh ! during its growth, while the CO, emissions accounted for 123 kg
COze MWh ™!, 430 kg COze MWh ™! and 20 kg COse MWh™! for the
feedstock supply chain, bioenergy conversion stage and CCS infra-
structure, respectively.

3.3. Evaluation of alternative technical configurations

3.3.1. Case CHP alternative operation

Tables 4 and 5 present the process modelling and LCA results of the
alternative operation analysis for Case CHP. KPI operating the CHP fa-
cility were changed, resulting in different performance parameters and
emission profiles.

Scenario CHP.1 presents electricity only production. 39 MW of net
electricity was generated from 58 t h™! of wheat straw. The co-produced
heat (252.00 t h™! of 3 bar saturated steam) was used entirely for in-
ternal heat supply, so the CO, capture system could be enhanced to
remove 87% of the CO; from the flue gases. As a result, 76 t h~! of CO,
was captured and stored, while 12 t h™! of biogenic CO, was released to
the atmosphere resulting in —1362 kg COs,e MWh™! net-negative
emissions.

Scenario CHP.2 presents ideal turbine operation, leading to a theo-
retical maximum net electricity production of 59 MW. The heat allowed
the removal of 71 th™! of CO4, (82%) from the flue gases, while 16 t h!
CO,, were released. The CDR potential was —817 kg COze MWh L.

If the operator prioritises carbon capture yield, i.e. Scenario CHP.3,
and increases the CO; capture to remove 95% of the CO, from flue gas,
83th~! CO, were captured and stored, 4.5t h~! CO, were emitted to the
atmosphere. This Scenario had the highest CDR potential, i.e. —2721 kg
COze MWh™!, but the energy produced was reduced to 22 MW of
electricity.
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Table 4
Technical performance of Case CHP biomass-to-energy process when consid-
ering alternative KPI scenarios.

Parameters CHP.1 CHP.2 CHP.3 CHP.4 (i) CHP.4
(max. (ideal (max. (max. CC (i)
electricity) turbine) CcC) -81% (max. CC

energy —-47%
demand) energy
demand)

Biomass input 58,000 58,000 58,000 58,000 58,000

(kgh™)

Biomass energy 264.45" 264.45" 264.45" 264.45" 264.45"

content (MW)

Net power output 38.58 59.31 21.92 30.02 32.55

(MWe)
Net heat output - - - 30.46 95.14
(MWth)

Internal power 12.22 9.16 13.04 13.04 13.04

supply (MWe)

Internal heat 184.38 174.12 202.57  163.11° 95.63"

supply (MW)

Energy efficiency 14.59% 22.43% 8.29% 22.87 48.29

(dry basis)
CO,, capture rate 87% 82% 95% 95% 95%
at CCS unit
Carbon
Capture unit
efficiency
Net CO, removal 87% 82% 95% 95% 95%
CO, captured per 1,973 1,213 3,802 1,378 660
unit of energy
produced (kg
CO2 MWh™ )
Captured CO, 99.8 99.8 99.8 99.8 99.8
concentration
(w %)
Airborne CO, 305 269 207 75 18

emissions per
unit of energy
produced (kg
CO, MWh ™)

# Computed using biomass low heating value.
b Hypothetical results based on energy demands for amine scrubbing systems
reported in literature.

Table 5
Carbon attribution per stage for Case CHP supply chain when considering
alternative KPI scenarios.

CHP.1 CHP.2 CHP.3 CHP.4 (i) CHP.4 (ii)
(max. (ideal (max. (max. CC (max. CC
electricity) turbine) CcQC) -81% —47%
energy energy
demand) demand)
CO,, biological —2305 —1499 —4057 —1470 —704
sequestration
(kg COze
MWh™)
Emissions — 564 367 993 360 172
Biomass
supply chain
(kg COze
MWh™)
Emissions — 340 292 269 86 39
Bioenergy
conversion (kg
CO,e MWh 1)
Emissions — CCS 38 23 74 22 13
Infrastructure
(kg COze
MwWh )
Net emissions —1362 —817 —2721 —997 —480
(kg COze
MWh 1)




A. Almena et al. Biomass and Bioenergy 159 (2022) 106406

as the UK mains (ii) or wind power (iii) increased hydrogen production
to 22.33 kg h™! (0.74 MWe). Using UK grid electricity resulted in —270
kg CO2e MWh ™! negative emissions, and using wind power (power-to-
gas approach) increased the CDR potential of the system to —478 kg
COze MWh™1.

The results of the previous case studies indicate that the solvent
regeneration energy, estimated by Aspen, represented non-optimal
operation of the amine scrubbing system within the range reported in
the literature for pilot plant operation (explained in Section S.1 of sup-
plementary material) [103-105]. Scenarios CHP.4 evaluated that un-
certainty, which is related to the amount of stripping steam needed to
perform the solvent recovery, and how this affects both energy pro-
duction and CDR score. Scenarios CHP.4 maintained the maximum CO-
capture ratio (95%), so in both cases, the CO; capture and emission rates
were similar to Scenario CHP.3, i.e. 83 t h™! CO, and 4.5 t h™! CO»,

4. Discussion

4.1. Comparison between case CHP and case H,

respectively. However, the net-negative emissions delivered by the
system, when reported per unit of energy produced, resulted in different
outcomes. When 81% of the energy demand reported by Aspen (Sce-
nario CHP.4 (i)) was assumed, the system was capable of increasing
energy supply to the benchmark case’s production (30MWe and
30MWth) while removing —997 kg COze MWh ™. Scenario CHP.4 (ii)
reduced the energy demand of the post-combustion CO; capture process
by 47%, i.e. an optimised pilot plant operation [103]. The reported
net-negative emissions were —480 kg COoe MWh ™!,

3.3.2. Case H; alternative operation

Tables 6 and 7 present the process modelling and LCA results of the
alternative operation analysis for Case Hp.

Scenario Hj.1 presents the use of air as the gasification agent. 6.08
kg h! Hp (0.20 MWe) was produced. 98% of CO, was removed from the
syngas, i.e. capturing 412 kg h™! CO,. However, 18% of the producer gas
was burned to operate the CO, capture unit, and 100 kg h™! CO, was
emitted. The net CO, removal yielded 77%, and the CDR potential was
—1772 kg COze MWh ™1,

Scenario Hj.2 used less methanol for carbon capture, and the Rec-
tisol efficiency dropped to 70%. As a result, Hy production increased to
15.76 kg h™!, equivalent to 0.53 MWe. 8% of the producer gas was
combusted for internal heat supply resulting in net CO5 removal of 63%.
As a result, 335 kg h™! CO, was stored, while 72 kg h™! CO, were
emitted. Therefore, the net-negative emissions were —491 kg COqe
Mwh1,

Scenarios Hy.3 (i-iii) present the use of alternative power sources for
the internal conversion process. Modelling a hydrogen CHP (i) resulted
in the lowest hydrogen product outflow, i.e. 4.15 kg h™! (0.14 MWe).
Burning no producer gas and maximising the Rectisol efficiency (98%)
led to 94% net CO; capture with 434 kg h~! CO, stored and 8 kg h~!co,
emitted. Due to the lowest biomass-to-energy efficiency and the highest
carbon capture yield, the highest CDR potential for the Case Hy supply
chain was reported removing —3048 kg CO,e MWh ™.

Considering internal power supply from external power sources such

Fig. 7 shows a comparison of the two investigated case studies,
comparing the emission profiles, net emissions and CDR potentials per
unit of energy. The supply chain emissions are higher for case A, which
can be explained by the use of fertiliser during wheat production causing
N2O emission and the lower bulk density of wheat straw, leading to
higher transport emissions. On the other hand, even though wood pellet
production requires energy during pelleting, the higher global warming
potential of N2O has a significantly higher impact than pelleting in Case
H,.

In Case CHP, the emissions related to upstream processes (biomass
supply) were similar to those of the energy-conversion stage. In Case H,
the most significant contributor to the emission profile is the conversion
stage, which accounted for more than twice the emissions associated
with the feedstock supply chain. The process modelling showed that pre-
combustion CCS achieved a similar CO, capture rate (81%) to post-
combustion CCS (78%). Case Hy energy conversion also included
further upstream contributions from oxygen (44 COze MWh™!), and
make-up methanol (171 COse MWh™!) supplies that made the associ-
ated airborne emissions superior to those of Case CHP energy conver-
sion. However, the lower carbon intensity of green methanol could offset
part of the emissions generated from its production, i.e. —155 kg COze
MWh ™!, which allowed Case H, energy conversion module to report
lower net emissions than the Case CHP counterpart. The emissions
contributions from the construction and operation of the CCS infra-
structure were one order of magnitude lower than feedstock and energy
conversion results for both case studies.

Case CHP represented lower energy efficiency than Case Hj, with
23% efficiency for the wheat straw CHP and post-combustion process vs
the 27% efficiency of the wood pellets gasification and pre-combustion
process. Biomass requirements to produce 1 MWh were 0.96 tonnes of
wheat straw for Case CHP and 0.71 tonnes of wood pellets for Case Hp.
The lower biomass-to-energy yield in Case CHP entailed greater bio-
logical CO, sequestration, as shown in Fig. 7. However, that does not
directly imply that the process is preferable. The research objective was
to identify efficient and sustainable bioenergy processes capable of

Table 6

Technical performance of Case H; biomass-to-energy process when considering alternative KPI scenarios.
Parameters H,.1 (gasification H,.2 (CC efficiency H,.3 (i) H,.3 (ii) H,.3 (iii)

agent: air) 70%) (alternative power supply: (alternative power supply: ~ (power-to-gas: wind
H, CHP) mains) power)
Biomass input (kg h™1) 300 300 300 300 300
Biomass energy content (MW) 1.56" 1.56" 1.56" 1.56" 1.56"
Pure hydrogen flow (kg h-1) 6.08 15.76 4.15 22.33 22.33
Net power output (MWe) 0.20" 0.53" 0.14" 0.74" 0.74"
Internal power supply (MWe) 0.32 0.23 0.26 0.23 0.23
Internal heat supply (MW) 0.50 0.32 0.45 0.43 0.43
Energy efficiency (dry basis) 13% 34% 9% 47% 47%
CO,, capture rate at CCS unit 98% 70% 98% 98% 98%
Net CO, removal 77% 63% 94% 81% 81%
CO;, captured per unit of energy produced (kg CO, 2030 637 3626 583 583
MWh )

Captured CO, concentration (w %) 99.0% 99.0% 99.0% 99.0% 99.0%
Airborne CO, emissions per unit of energy 495 339 58 102 102

produced (kg CO, MWh™1)

@ Computed using biomass low heating value.
> Computed using hydrogen-free Gibbs energy, i.e. maximum yield to electricity.
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Table 7
Carbon attribution per stage for Case H, supply chain when considering alternative KPI scenarios.
Hy.1 (gasification agent: H,.2 (CC efficiency H.3 (i) H,.3 (ii) H,.3 (iii)
air) 70%) (alternative power supply: H,  (alternative power supply: (power-to-gas: wind
CHP) UK grid) power)
CO,, waste wood sequestration (kg COze —2649 -1023 —3874 —722 —722
MWh™")
Emissions — Biomass supply chain (kg 255 98 372 69 69
COze MWh™)
Emissions — Bioenergy conversion (kg 583 422 384 372 164
CO,e MWh™)
Emissions — CCS Infrastructure (kg COze 39 12 70 11 11
MWh 1)
Net emissions (kg COze MWh™1) —1772 —491 —3048 —270 —478

u Total net emissions
CO2 sequestered via biomass growth
CO2 stored via CCS

®m CO2 sequestration
Emissions Energy conversion & CO2 capture
Emissions CCS Infrastructure

= Emissions Biomass production & transportation
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Fig. 7. GHG emissions, net emissions and CO2 storage efficiency per MWh of
energy produced for the two alternative case studies, i.e. CHP (Case CHP) and
Gasification (Case H,).

delivering negative emissions. While Case CHP delivers higher carbon
sequestration through the higher biomass demand, the net emissions are
lower than Case Hj, making more efficient use of the biomass and having
a slightly higher rate of CO; capture during the conversion process, as
illustrated in Fig. 7.

4.2. Case CHP alternative operation scenarios

Fig. 8 illustrates the results for the alternative operation strategies
evaluated for Case CHP, showing the energy production capacity, the
net CO, removal ratio and net emissions of the BECCS system.

Scenario CHP.1 was operated to maximise electricity generation
capacity. This increased the electricity supply by 28% compared to the
Case CHP baseline. At the same time, the generated low-pressure steam
was entirely used for internal processes, which allowed to enhance COy
removal yield from 78% to 87%. This is comparable to the modelled
performances of power plants with CCS technology reported in the
literature [110,111]. The captured CO, per energy ratio obtained, i.e.
1362 kg CO, MWh™!, was similar to published values for
biomass-fuelled CHP plants [112,113]. As a result, the net-negative
emissions per MWh delivered under Scenario CHP.1 increased by 83%.

Scenario CHP.2 operated to maximise electricity generation with a
more efficient turbine, increasing biomass-to-electricity yield by about
54%. Since more energy from the steam generated was converted to
electricity, less heat remained available for the CO5 removal process,

12

which dropped to 82% but remained higher than the baseline since
energy losses were minimised. The rise in electricity supply led to lower
net-negative emissions per unit of energy than Scenario CHP.1, but a
10% higher value than the baseline Case CHP.

In Scenario CHP.3, the CO5 capture rate within the CCS unit was
maximised, and 95% of the CO, content in the flue gas was captured.
More solvent was needed to reach that level of performance, and energy
requirements for the solvent recovery were much higher. A 60% split
fraction from the MP-turbine steam outflow was used as a utility to
support the 3-bar saturated steam leaving the LP-turbine for internal
heat supply. This resulted in only electricity generation with a net ca-
pacity of 21.9 MW. While the energy production dropped significantly,
the net-negative emission would increase by 266% compared to the
baseline, making Scenario CHP.3 the one with the highest CDR potential
per unit of energy.

Scenario CHP.4 evaluated the sensitivities of the energy re-
quirements for the CO5 capture process. Previous studies involving pilot
plant operation using the same post-combustion CCS technology as Case
CHP reported energy requirements ranging between 3.6 and 4.1 GJ t~!
CO under optimised conditions [103-105]. The primary source of un-
certainty is the variation of steam requirements in the desorption col-
umn [103]. The process model results showed that about 73% of the
solvent recovery energy requirements were related to stripping steam
generation (6.3 Gt ¢! CO5, of 8.7 GJ ¢! CO»). At the same time, the
remaining heat was mainly used to supply the desorption energy (2.2 Gt
t1 CO») along with solvent and reflux heating (0.2 GJ t1 CO»). Thus,
compared to Mangalapally and Hasse (2011) pilot plant results, the
value generated in Aspen was an unoptimized operation.

With the same CO; capture rate as Scenario CHP.3 (95%), Scenario
CHP.4 had a significantly higher energy output and much lower net-
negative emissions. The evaluation of the uncertainty related to the
stripping steam requirements in Scenario CHP.4(i) showed a net ca-
pacity of 30 MWe and 30 MWth (benchmark case energy production)
could be achieved when solvent recovery was performed consuming 7.0
GJ t ! COy, i.e. an 81% of the energy initially estimated by Aspen. Since
uncertainty is related to the amount of stripping steam required to
perform the COy-solvent separation, 4.7 GJ t~*CO, were used to pro-
duce stripping steam for the solvent recovery. While the energy output
was the same as the baseline, Scenario CHP.4(i) led to 34% higher net-
negative emissions. Scenario CHP.4(ii) considered the same energy re-
quirements for CO4 capture reported by Mangalapally and Hasse (2011),
i.e. 4.1 GJ t~1 CO,. The process model suggested that, once the rest of the
energy shares were deducted, the energy requirements would be met
using 1.8 GJ t ! CO to produce stripping steam, which is a 28% of the
steam flow initially estimated Aspen to perform the CO,-solvent sepa-
ration. This would result in a much higher biomass-to-energy efficiency
for the process (more heat is available for customers) and, consequently,
the lowest net-negative emissions per unit of energy delivered (—482 kg
COqe MWh 1) from the investigated scenarios was obtained.

The metric commonly used to compute the GHG emissions associated
with a particular energy vector is the energy-specific emissions factor, i.
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Fig. 8. Alternative operation analysis for the CHP process with post-combustion carbon capture fuelled with wheat straw (Case CHP). The score of three key pa-
rameters, namely energy output, carbon capture yield, and net emissions delivered, are represented for each operation mode evaluated. Two metrics were selected to
plot net emissions, i.e. the CO, equivalents per unit of energy produced and CO, equivalents per tonne of biomass used.

e. kg COze MWh L Nevertheless, this metric does not indicate how
efficient the use of biomass is when biomass availability is a limiting
factor for BECCS systems to produce the energy. All the six alternative
operation scenarios consumed the same amount of biomass. In order to
have a better understanding of how efficiently the biomass was utilised
to supply energy while creating negative emissions, the mass-specific
emissions factor, i.e. kg COze thiomass . Was plotted in Fig. 8. The CDR
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scores of the investigated scenarios were closer. Scenario CHP.3 scored
the highest net negative emissions per MWh produced by the system. On
a mass basis, the CDR potential of this scenario (—1027 COqe tbiomass’l)
was superior to the lowest score reported (773 CO2e tbiomass-1) asso-
ciated with the baseline Case CHP. However, that difference (33%
higher) is not as impressive as the difference for the energy-specific
score (266% higher). Therefore, it can be concluded that the excellent
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Fig. 9. Alternative operation analysis for the gasification process with pre-combustion carbon capture fuelled with waste wood (Case Hy). The score of three key
parameters, namely energy output, carbon capture yield, and net emissions delivered, are represented for each operation mode evaluated. Two metrics were selected
to plot net emissions, i.e. the CO, equivalents per unit of energy produce and CO, equivalents per tonne of biomass used.
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energy-specific score resulted mainly from the much lower energy
delivered by the system while using the same amount of biomass. In a
hypothetical scenario where sustainable biomass resources were un-
limited, the preference for Scenario CHP.3 would be straightforward.
Conversely, trade-offs between energy production and negative emis-
sions must be accounted for in a real scenario with high competition for
the biomass feedstock supply. Using the same among of wheat straw to
produce only electricity while using all the heat generated in the COy
capture unit (Scenario CHP.1) caused a percentage increase in both
power production (28%) and net-negative emissions (—835 COoe
tbiomass’l, i.e. +17%) when compared to Case CHP.

Since the CDR score on a mass-specific basis was not sensitive to
process operation, increasing efficiencies, i.e. by choosing a more effi-
cient turbine (Scenario CHP.2) or by optimising the energy efficiency of
the amine scrubbing system (Scenarios CHP.4), would increase the en-
ergy production while delivering similar net-negative emissions using
the same amount of sustainable biomass.

4.3. Case H; alternative operation scenarios

Changes in the operation mode for Case Hy also influenced both
performance parameters and CDR results. Fig. 9 illustrates the results
from the Case Study B assessment, comparing energy production, net
CO,, removal ratio and net emissions of the different scenarios.

Scenario Hp.1 used air instead of oxygen as a gasification agent,
resulting in lower biomass-to-hydrogen efficiency. When using air, ni-
trogen enters the system along with the oxygen required for gasification.
This increases the producer gas flow compared to the baseline operation
using oxygen, and a more significant fraction of the producer gas needs
to be burnt for internal heat supply. More Rectisol is required to main-
tain the CO; capture yield, which means a higher fraction of H is used
for the internal power supply. As a result, hydrogen production dropped
by 52%, and a lower CO, capture yield was reported. Net-negative
emissions per unit of energy doubled due to an increased requirement
for biomass.

Scenario H,.2 quantified the existing tradeoffs between energy vec-
tor production rate and CO; capture rate at the Rectisol unit. Reducing
Rectisol yield from 98% to 70% resulted in a 25% increase in hydrogen
production rate. A smaller fraction of producer gas was burnt for in-
ternal heat supply as the solvent flow was reduced. While the internal
power demand was reduced due to lower CO5 compression and solvent
cooling requirements, more energy was needed for cooling the higher
syngas flow. In addition, a more complex membrane system was needed
to purify the Hy stream with higher COy concentration [114]. This
resulted in higher CO, emissions from the waste gas leaving the mem-
brane. Thus, despite higher H, production, Scenario Hj.2 reported lower
net-negative emissions per MWh.

Scenarios Hs.3 evaluate the impact of different electricity sources on
internal processes. Using Hy with fuel cell purity in a combustion CHP
system delivered the lowest hydrogen production [115] and CO2 emis-
sions. Only 33% of the baseline Hy output was achieved, while
net-negative emissions were 255% higher. Assuming external power
supply from the UK grid maximised the Hy output showing a percentage
increase of 77% with respect to Case Hy. However, while the CO; cap-
ture rate was high, the CDR benefits from the BECCS system were offset
by the emissions related to grid electricity, resulting in the lowest
net-negative potential of the compared options. This would be expected
to change with the decarbonisation of UK electricity. The power-to-gas
operation, considering 100% renewable electricity from external sour-
ces, would achieve the maximum H, production rate while incorpo-
rating energy storage purposes. However, this scenario would still have
a lower CDR potential score than the baseline as less biomass and
therefore less carbon is entering the system to produce additional
hydrogen to support internal processes.

As in the CHP scenarios, further conclusions can be drawn when
computing the CDR score on a mass-specific basis. The differences in the
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net-negative emissions delivered per tonne of biomass fed to the alter-
native operation scenarios were buffered (see Fig. 9). Using oxygen as a
gasification agent (Case Hy) resulted in superior hydrogen production
than using air (Scenario Hj.1), while both scenarios delivered similar
net-negative emissions (—1200 and —1197 COge tbiomass_l’ respec-
tively). The extra emissions from the air separation unit to produce
oxygen were comparable to the loss in process efficiency from using air.
When the CO5 capture yield was reduced to produce more hydrogen
(Scenario H,.2), the CDR potential per tonne of biomass consumed was
reduced by 14% (—1038 COqe thiomass 1) compared to the benchmark
hydrogen case study. This is a lower percentage variation to the increase
in hydrogen production rate (25%), and including an Hy CHP unit for
internal heat supply increases the process net-negative emissions by
17% (—1405 COse thiomass ). Whenever feedstock availability is
limited, the high impact on hydrogen production makes Scenario Hy.3
(i) discouraging. On the other hand, increasing hydrogen production
rate by powering the system using the mains (Scenario Hj.3 (ii)) resulted
in the highest impact on net-negative emissions, showing a 44%
reduction (—671 COge thiomass .) due to the environmental impact
associated with power production in the UK. If wind power supply were
possible for a power-to-gas operation, the maximum Hj production
could be achieved while simultaneously delivering similar net-negative
emissions (—1185 CO»e tbiomass’l) than the benchmark case study with
the same amount of biomass used.

4.4. Role of BECCS in meeting the UK’s net-zero targets

The results of the CDR potential were used to estimate the number of
facilities required to reach the UK’s CDR target of 20 Mt CO> p.a., which
is the lowest benchmark BECCS is required to deliver the UK’s net-zero
targets (see Table 8).

For Case CHP, 64 modular CHP plants would be required to achieve
that goal. The CHP facilities would have a maximum joint capacity of 1.9
GWe and 1.9 GWth to produce 13.5 TWh of electricity annually and
13.5 TWh of heat while requiring 26.0 Mt of wheat straw p.a. That
electricity supply would cover 4% of the total electricity demand in the
UK (346 TWh in 2019) [116]. In addition, the heat generated would
supply 2% of the UK annual heat demand (726 TWh [117]) and support
the current heat networks capacity (14.5 TWh in 2019 [116]).

Considering the results from the evaluation of the alternative tech-
nical configurations for each process that involve dissimilar net negative
emissions scores, the number of facilities to achieve 20 Mt CO; p.a. and
related energy output will change as presented in Table 8. Scenario
CHP.1 would require 55 facilities with a combined capacity of 2.1 GWe
producing 14.9 TWh p.a. Scenario CHP.2 would require 59 facilities (3.5
GWe) producing 24.5 TWh p.a. of electricity. For Scenario CHP.3, 48
facilities (1.1 GWe) would be required, producing 7.4 TWh p.a. elec-
tricity. For Scenarios CHP.4, (i) 48 facilities (1.4 GWe and 1.4 GWth)
would be needed producing 10.1 TWh p.a. electricity, and 10.2 TWh p.a.
heat or (ii) 47 facilities (1.6 GWe and 4.5 GWth) would produce 10.7
TWh p.a. electricity and 31.3 TWh p.a. heat.

For Case Hp, 7903 facilities would be needed to remove 20 Mt CO3 p.
a. They would have a collective hydrogen production capacity of 3.3 GW
(23.3 TWh produced p.a.) and consume 16.6 Mt of wood pellets annu-
ally. The facilities would supply two-thirds of the UK’s low-carbon
hydrogen production goal (5 GW) for 2030 [20]. As for Case CHP, the
different scenarios for Case H, demonstrated the variability in CDR and
Hy/energy supply potential. Scenario Ho.1 would require 7946 facilities
(1.6 GW of net-capacity) with a combined production of 11.3 TWh p.a.
For Scenario H,.2, 11,067 facilities would be needed to reach the CDR
minimum target, providing a net-capacity of 5.8 GW and producing
40.7 TWh p.a. Scenario H».3, using an Hy CHP unit for internal power
supply, demonstrated the highest CDR potential, requiring 6771 facil-
ities, due to the much higher biomass demand. This Scenario also has the
lowest Hy/energy output of 0.9 GW, with 6.6 TWh generated annually.
Using grid electricity in Scenario Hy.3 almost doubled the number of
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Table 8
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Annual biomass requirements and energy output for the two bioenergy production systems, including their operational alternatives to
reach the lowest UK’s CDR target, i.e. 20 Mt CO, p.a., set for BECCS. A colour scale has been used to sort the different scenarios from most

preferrable (green) to least preferrable (red) for a specific parameter.
CHP system fuelled with wheat straw

Hydrogen production from waste wood

Case A Al A2 A3 A4() A4(i) | CaseB B.1 B2  B3() B3(i) B.3 i

Number of facilities
required to meet UK 64 55 59 48 48 47 7,903 7,946 11,067 @ 6,771 14,188 8,026
net-zero targets
Electricity capacity
from BECCS (TWh) 13.5 14.9 24.5 7.4 10.1 10.7 n/a n/a n/a n/a n/a n/a
Electricity national
capacity (TWh) 346 346 346 346 346 346 n/a n/a n/a n/a n/a n/a
Heat capacity from
BECCS (TWh) 13.5 n/a n/a n/a 10.2 31.3 n/a n/a n/a n/a n/a n/a
Heat national
capacity (TWh) 726 726 726 726 726 726 n/a n/a n/a n/a n/a n/a
H2 from BECCS (GW) n/a n/a n/a n/a n/a n/a 33 1.6 5.8 0.9 10.6 6
H2 national
requirement (GW) n/a n/a n/a n/a n/a n/a 5 5 5 5 5 5
(B,\'/cl’t';‘:)ss requirement 560 224 240 195 195 | 191 | 166 167 233 | 142 298 169
CO, saved/biomass

i 1.18 131 1.24 1.44 1.44 1.44 1.45 1.37 1.12 1.67 1.45 1.45
(tCO, thiomass™)

required facilities compared to the baseline with 14,188 facilities of-
fering a capacity of 10.6 GW, to produce 74.0 TWh p.a. This Scenario
would also have the highest biomass demand of 29 Mt p.a. Switching to
100% renewable energy for internal energy use would reduce these
numbers to 8026 facilities offering a combined net-capacity of 6.0 GW,
annually producing 41.8 TWh.

The results from the assessment show the synergies between CDR
potential, energy generation and biomass requirements. However, these
aspects can change depending on the key system drivers, with significant
implications on supply chain, demand, and investment requirements.
Scenario CHP.3, A.4 (i and ii) and B.3 (i) require the lowest number of
facilities to deliver 20 Mt CO5 removal p.a, but their energy output can
be lower than the baselines and other operational alternatives as they
focus on maximising CDR. Scenario CHP.2, B.2 and B.3 (ii) require a
much larger number of facilities, consequently delivering a higher en-
ergy output, but also requiring large amounts of biomass. While a low
biomass-to energy efficiency increases the CDR potential, policies and
business models need to consider such system dynamics to ensure that
the strong focus on CDR does not undermine other environmental,
economic and social sustainability aspects.

However, reaching the 20 Mt CO, removal p.a target seems chal-
lenging when considering only nationally sourced biomass. Currently, a
wheat straw surplus of 1.7 Mt p.a. and a waste wood surplus of 3.3 Mt p.
a. (assuming all the spare waste wood was pelletised and had an average
bulk density of 650 kg/m® on a dry basis, as considered in the LCA)
would be available in the UK to produce bioenergy. Considering that all
available resources were used for facilities as described in Cases A and B,
only 4 CHP facilities could be operated removing 1.3 Mt CO; p.a., and
1247 wood pellet gasification facilities removing 3.2 Mt CO3 p.a. In
terms of energy supply, converting the available wheat straw using Case
CHP technology would supply less than 1% of the UK electricity and heat
demands, while utilising all the UK’s waste wood surplus in Case Hy
facilities could provide a 10% of the UK’s low-carbon hydrogen pro-
duction goal. The joint CDR capacity for both systems accounted for
about 23% of the UK’s CDR target from BECCS.

Dedicating more land, considering additional feedstocks or import-
ing biomass would be therefore required for both technologies to reach
the 20 Mt CO- p.a. objective, which would likely change the associated
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lifecycle and net emissions. An estimate of the land requirements for
feedstock supply in the UK, to achieve this target, can be computed from
the results of the model. When assuming an average wheat straw yield of
3.90 twsha’1 [51], reaching BECCS minimum CDR objective would
require between 5 and 7 Mha of arable land growing wheat and dedi-
cating the coproduced straw entirely to supply BECCS facilities. When
gasification of forest residue to produce hydrogen fuel is considered, and
an average forest residue yield of 15.8 tfrha_l is assumed [97], between
0.9 and 1.5 Mha of woodland entirely dedicated to supply these type of
facilities would be needed to remove 20 Mt CO; p.a. Variation within the
reported range for land requirements correspond to different ways to
operate the energy process. Lower land requirements would be achieved
when the processes operate maximising the carbon capture ratio, while
the greatest land requirements correspond to the same processes aimed
at optimising the energy production. Land requirements are therefore
really high, considering that in the UK, approximately 4.2 Mha are used
for arable crops [118] and the total woodland is estimated as 3.2 Mha
[63].

4.5. Decentralised BECCS deployment to meet CDR expectations

These studies showed that BECCS is a feasible option for CDR while
producing a range of low-carbon energy vectors, i.e. electricity, heat or
hydrogen. All case studies and scenarios evaluated gave net-negative
emissions. Therefore, the CDR potential is true, but BECCS expecta-
tions are very optimistic as our assessment highlighted a big gap be-
tween present deployment and CDR requirements. Low emission
scenarios of the IPCC consider large-scale deployment of BECCS by
2050; however, the increasing climate emergency requires immediate
action [119]. The assessment showed that decentralised BECCS
deployment comprises commercially proven technologies and could
represent a starting point to deliver negative emissions in the very short
term.

Previous studies identified the competition for investment with
cheap renewable energies —e.g. solar and wind- as one of the major
barriers for BECCS implementation [49,120]. The modular approach
could help overcome that barrier as it commonly involves smaller unit
costs, quicker build schedules, and less risk to investors. Therefore,
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experience demonstrating BECCS technology performance would be
generated, which could help attract investment to establish large-scale
BECCS deployment that could help reach the CDR targets in the
medium-to long term. However, time is also needed to establish COy
transport and storage infrastructures at the required scale. While our
assessment considered CO, storage for simplistic comparison between
operational variations, a decentralised approach, based on the results
obtained from this work, can produce CO; of high purity that could be
stored and used for other industrial purposes and generate extra reve-
nues. Depending on the final destination of the CO,, this could poten-
tially create additional CDR benefits.

The biomass-to-energy conversion processes have low efficiency.
Results from this study have shown that drops in efficiency led to higher
CDR potential outcomes. However, that is not necessarily positive since
sustainable biomass resources are limited and risk sustainability impli-
cations for feedstock sourcing [121,122]. The previous section
concluded that biomass imports would be required to reach the UK’s
CDR targets set for BECCS. Therefore, multiple BECCS technologies and
pathways should be considered to try utilising all the different sustain-
able biomass feedstock suitable for generating different energy vectors
and products. A decentralised vision for BECCS deployment could ease
accessibility and enable utilisation of regionally sourced biomass and
residues for energy production, primarily aiming at local provision,
while also offering improved functionality and flexibility on the energy
production pathway for the large-scale counterparts.

5. Conclusions

BECCS is expected to support making net-zero emissions a reality in
the UK by 2050, however currently no BECCS plant is operating. Since
technological barriers for BECCS deployment are minimal (this study
has considered only commercially demonstrated technologies) and
sustainable biomass is available, an imminent generation of bioenergy
and negative emissions could be achieved. To perform an exhaustive
LCA evaluating the carbon intensity of each stage in the whole supply
chain is fundamental to determine their actual CDR, and therefore
estimating a more accurate contribution of BECCS to a net-zero scenario.

A decentralised BECCS deployment is suggested and investigated.
This vision can bring benefits such as reducing the risk for investors,
providing industrial learning, and enhanced resilience to market con-
ditions. Sustainable biomass resources are limited. This study estimated
that utilising all wheat straw and waste wood available in the UK could
achieve 23% of the lowest CDR target (20 Mt p.a.) set for BECCS. A
decentralise deployment could enable the accessibility of a variety of
additional regional biomass resources. Improved flexibility (the small-
scale process can involve the most suitable bioenergy conversion tech-
nology for each feedstock) and functionality (the convenient energy
vector can be locally supplied) could be achieved. Although CO»
geological storage was the first option considered here, the study
demonstrated that the highly pure CO; recovered (>99.0%) is suitable
for entering the utilisation market so that the BECCS system could be
economically supported and circular economy is endorsed.

The study also concluded that the net-negative potential of investi-
gated BECCS system varies depending on the key performance param-
eters, i.e. the operating strategy followed. Flexible energy systems might
lead to decisions maximising energy production. On the other hand,
support for hydrogen production could also disincentivise delivering the
highest net-negative emissions possible.

Possible trade-offs between bioenergy production and net-negative
emissions generation have been identified and quantified. The energy
efficiency of the two investigated systems (CHP and Hj from gasifica-
tion) ranged between 10 and 48% depending on the selected operational
choice. The energy penalty caused by the carbon capture system (the
reported efficiency of similar systems with no CDR unit are 20-30%
higher [123,124]) could compromise the economic performance of
bioenergy production. Policy frameworks can be a significant driver for
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the choice of technology and market strategy of BECCS. For example,
carbon tax or the creation of markets for emission offsets [125] could
shape trajectories for high CDR but low-energy operations. However, a
higher CDR score on an energy-specific basis, a frequent metric used to
compare alternative energy sources, does not imply that operation mode
is preferable. Since biomass availability is limited, biomass-to-energy
efficiency must also be considered. Therefore, CDR score on a
mass-specific basis is suggested when bioenergy processes are investi-
gated to help identify the most beneficial scenario representing at once
the three key parameters: energy output, CDR potential and biomass
usage.
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