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Abstract

PURPOSE. Bioenergy with carbon dioxide removal (CDR) is increasingly presented as an efficient way to
mitigate climate change. This study set out to determine under which circumstances and methodological choices
CDR bioenergy systems are preferable over a reference bioenergy system from a climate change mitigation

perspective. In addition, the CDR systems investigated were compared to each other.

METHODS. Three systems were modelled: two CDR systems (Biochar and Bioenergy with carbon capture and
storage (BECCS)), with a combined heat and power (CHP) system as reference. A parametrised life cycle
inventory model was developed and computed for all systems and four different functional units (FUs), resulting
in distributions of climate impacts. Contribution analysis was performed, as well as a pairwise comparison of all
scenarios to establish their ranking. First-order Sobol indices were computed to assess the contribution of each
parameter to the variance. Whenever ranking of scenarios was largely dependent on parameter values, decision

tree analysis was applied.

RESULTS AND DISCUSSION. The CDR systems had a lower climate impact than CHP for most computations,
across all FUs. However, when comparing the two CDR systems, the preferable system changed with FU; for heat
or carbon sequestration as FU the Biochar system was preferable in general, while for electricity or biomass use
as FU, the BECCS system had the lowest climate impact for most computations. For most system configurations,
the contribution from energy substitutions were large and contributed to most of the variance in results.

Furthermore, the ranking of systems depended on the reference activities of the background energy system.

CONCLUSIONS. The results of this study indicate that the Biochar and BECCS systems are in general preferable
over the reference CHP system from a climate mitigation perspective, particularly when the reference energy
systems have a relatively low climate impact. However, FU and parameters affect the ranking of these three

systems.

RECOMMENDATIONS. When conducting a comparative LCA study for multifunctional systems, the LCA
practitioner should be aware that choice of FU and specific system configurations, including reference activities,
could potentially affect the climate impacts of the system, which in turn potentially affects the ranking among
systems and conclusions communicated to decision makers. Conducting LCA for several FUs, with parametrised

LCI, and contribution analysis, allows for a deeper analysis than traditional sensitivity analyses.

Keywords
Climate change, environmental assessment, carbon capture and storage, biochar, negative emission technologies,
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1 Introduction

To reach the climate goals stated in the Paris Agreement, humanity must succeed in reducing greenhouse gas
emissions. In addition, it is likely that carbon dioxide removal (CDR) technologies will be needed to reach net
zero emissions and to compensate for a possible overshoot of the carbon budget (IPCC, 2021). Over the course of
the 21%t century, estimates of required carbon dioxide (CO,) removal from the atmosphere range from 150 to 1200
GtCO, depending on the chosen development pathways (Minx, 2018) (the total annual anthropogenic carbon
dioxide emissions of 2019 were at approximately 42.2 GtCO, (Friedlingstein et al, 2020)).

Biochar and bioenergy with carbon capture and storage (BECCS) are two CDR technologies that rely on the
ability of biomass to capture carbon dioxide from the atmosphere via photosynthesis. Biochar is the carbon rich
solid produced from biomass pyrolysis, a thermal degradation process in partial or total absence of oxygen (Woolf
etal, 2010). Biochar produced in adequate conditions can remain stable in soils on centennial time scales, thereby
providing long-term carbon sequestration (Spokas, 2010; Woolf et al, 2021). Biochar is also a material product
with an economic value in various sectors (Oni et al, 2019; Sakhiya et al, 2020). Moreover, electricity and heat
can be obtained from the combustion of the gases and tars co-produced during pyrolysis. BECCS is the process
of burning biomass for bioenergy generation, combined with capturing the CO. from the flue gases and
transporting it to a permanent geological storage (Kemper, 2015). Similar to a combined heat and power (CHP)
bioenergy plant, electricity and heat can be produced from the BECCS process, but the carbon capture and storage
(CCS) process consumes some of the electricity produced (Gustafsson et al, 2021; Levihn et al, 2019).

CDR research acknowledges the importance of carbon accounting, and often refers to the use of life cycle
assessment (LCA) to guarantee that supply-chain emissions do not outweigh the amount of CO; captured (Tanzer
and Ramirez, 2019; Brander et al, 2021). CDR research also reckons that only system-wide change in greenhouse
gas emissions and sinks actually leads to climate change mitigation (Tanzer and Ramirez, 2019; Brander et al,
2021). However, determining supply-chain emissions and system-wide emission change requires delimitation of
system boundaries in LCA, which is not always straightforward for multi-functional bio-based systems like
biochar and BECCS. Multi-functional systems deliver several products that share the supply-chain burdens and
benefits. The environmental impacts of each product cannot always be separated from one another, and results
depend on the choice of functional unit (FU) (Ahlgren et al, 2015). Bio-based systems rely on biogenic resources,
thus involving the short cycle of carbon and various stocks of biogenic matter. Changes in these stocks are relative
to the choice of a reference biomass or land use, and often have large contributions to the climate impact
(Cherubini and Stramman, 2011; Koponen et al, 2018).

LCA can be used to compare the environmental performance of several CDR technologies and to inform decision-
making. However, results from comparative LCA studies are affected by methodological choices. These
differences are prominent for LCAs of bioenergy systems and comparing results across multiple studies is
therefore difficult (Cherubini and Stremman, 2011). Likewise, Terlouw et al (2021) recommend that LCA results
of CDR technologies must not be compared without further harmonization due to lack of consistency in
methodological choices. When reviewing the biochar LCA literature, Terlouw et al (2021) found that the
calculated climate impacts from the studies were not comparable, partly due to use of different FUs. These

inconsistencies in methodological choices indicate that there is reason to examine to what extent different FUs



lead to different conclusions for an otherwise identical LCA. In addition, the LCA results of bioenergy systems
and CDR systems can differ, depending on choice of reference activity when performing substitutions (Koponen
et al, 2018; Terlouw et al, 2021). Matustik et al (2020) found that results from LCAs of biochar systems are
difficult to compare, partly due to methodological inconsistencies, but also because of contextual differences.
Therefore, parameters can be defined when modelling the system studied, allowing for parametric uncertainty and

variability to be taken into account.

Taking all these methodological aspects (choice of FU, multifunctionality and parametric uncertainty and
variability) into account, the results and process of a comparative LCA can be complex, and hinder decision-
making. Therefore, this study aims to examine under which circumstances it is beneficial for climate change
mitigation to implement CDR in bioenergy systems. Additionally, this study also sets out to compare the climate
impacts of Biochar and BECCS systems in relation to each other. These comparisons are to be made by conducting
an LCA with respect to different methodological choices, such as parametric uncertainty and variability as well

as choice of FU.

2 Methods

2.1 Goal and scope definition
Studied systems & products

Three systems have been modelled and their climate impacts have been calculated in an LCA. The three systems
are named CHP, Biochar and BECCS (Figure 1). The CHP system is based on a bioenergy plant without CCS
that produces heat and power. The Biochar system includes pyrolysis instead of combustion, and the system
produces heat, power and biochar. The BECCS system entails a bioenergy plant, which is similar to the CHP
scenario, with CCS technology separating CO- from the flue gas. The systems are multifunctional and deliver the
following functions: electricity production, heat production, biomass use, carbon sequestration (Biochar and
BECCS only) and biochar usage (Biochar system only). In order to account for this multifunctionality, the

substitution method was applied (see section 2.2).

The biomass feedstock for all systems is woodchips from logging residues (tops and branches) assumed to be
produced in proximity of the power plant. The residues are assumed to be forwarded to a roadside storage, where
they are stored for 8 months and subsequently chipped. The woodchips are transported by lorry to the power plant
and the ashes after combustion are assumed to be returned to the forest. All biochar produced from the Biochar
system is assumed to be used in soil. The CO, captured from the BECCS system is shipped to an intermediate
storage and subsequently transported through a pipeline and injected into a permanent geological storage. More

details and data can be found in the supplementary material.
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Goal, impact categories, database and software

The goal of the LCA was to determine if bioenergy systems with implemented CDR technologies yield lower
climate impacts than bioenergy system without CDR. Additionally, the LCA aimed to determine which of the
analysed CDR technologies has the lowest climate impact. Climate change was the only impact category used to
evaluate the systems, characterised by global warming potential with a time horizon of 100 years (GWP100). The
greenhouse gas emissions modelled are carbon dioxide (CO.), nitrous oxide (N2O; GWP1g = 265), and methane
(CH4; GWP100 = 29.7). The Ecoinvent database, version 3.6 cut-off system-model (Wernet et al, 2016), was used.
The model was developed and implemented using the python framework for LCA, brightway2 (Mutel, 2017), its
graphical user interface, the activity-browser (Steubing et al, 2020), and the algebraic extension, Ica_algebraic
(Jolivet et al, 2021). In addition, several python scripts were developed to automate the comparative LCA of

several systems with multiple FUs, multiple choices of reference activities and defined parameters.
Functional units

The functional unit, the reference flow on which the results of an LCA are based, is usually chosen based on the
aim of the study (Ahlgren et al. 2015). Traditionally, only one FU is chosen. In this study, we took an interest in
all FUs that could lead to different results. The number of FUs could however be limited based on reasoning
presented in the supplementary material; in short, it was found that the number of FUs relevant to compare is
limited to the number of functions delivered by all of the studied systems. When analysing all three systems, the
defined FUs for the case study are the single products which are delivered by all systems, namely heat, electricity
or biomass use. Furthermore, carbon dioxide sequestration was defined as a FU for analysing only the CDR
systems (Table 1). According to Terlouw et al (2021), the recommended FU for comparing CDR systems is impact
per tonne of CO2-removal, where CO-removal is sequestration only, excluding any avoided burdens. In the case
where only CDR systems are evaluated against one another, it could be argued that CO2-removal is the most
relevant FU for comparison, since carbon sequestration is (probably) the primary reason for implementing these

systems.

Table 1. Functional units selected for case study and the corresponding potential interpretations of the results.

Function Input/output Amount Interpretation

Biomass used Input 1 tonne How to use biomass resources in a climate
efficient way

Electricity Output 1 MWh How to produce electricity with the least climate

generated impact

Heat produced Output 1GJ How to produce heat with the least climate
impact

Carbon dioxide Output 1 kg How to sequester carbon dioxide with the least

sequestered climate impact




Limitations and cut-offs

Some limitations and generalisations have been applied to the model: parts of the systems that have been excluded
are for example biochar effects on soil, pre-treatment of biomass before combustion and production of necessary

infrastructure.
2.2 Parametrisation of life cycle inventories

In order to account for uncertain or ambiguous data, parameters were defined for some data entries in the LCI,
which allows for multiple possible values of the same exchange to be considered in the results and analysis (Table
2). All parameter values are based on literature sources, with the exception of transport distances, which are all
simply modelled based on assumptions. The purpose of the LCI was to portray a general scenario, it was not
specified to represent a distinct, local case. However, the data selection is based on Swedish/Nordic case studies.

More details and data can be found in the supplementary material.
Thermochemical conversion

Electricity and heat output from the CHP system were calculated as shown in Equation 1 and Equation 2,

respectively:
E = LHV x 1 [GJ tonne™! biomass] Equation 1
H = LHV x 8 [GJtonne* biomass] Equation 2

where E is electricity produced, H is heat produced, LHV is the lower heating value of the woodchips, 7 is the

power efficiency of the combustion process and 6 is the thermal efficiency.

The electricity and heat produced from the biochar system are calculated as shown in Equation 3 and Equation 4,

respectively (Azzi et al, 2019).
E =71 x 23495 x e~%%F x B [GJ tonne™ biomass] Equation 3
H=(1-71) x234.95 x e %5F x B [GJtonne* biomass] Equation 4

Here, r is the ratio of electricity from the total energy output and g is the biochar yield in weight percentage

compared to weight of biomass (Azzi et al, 2019).

The outputs of electricity and heat from the BECCS system are calculated as shown in Equation 5 and Equation

6, respectively.
LHV X1 X n¢cs [GI tonne? biomass] Equation 5
LHV X 0 X 0.5 [GJ tonne biomass] Equation 6

The production of electricity and heat are calculated similarly to the outputs from the CHP system and use the
same parameters but are further multiplied by n.-sand 8., respectively, where n.cs is the relative electricity
efficiency of the BECCS system compared to the CHP system and 6. is the corresponding value for heat
efficiency in the BECCS system. All values for 6. are greater than 1, meaning that the CCS process actually

allows for the system to produce more heat than the CHP system (Gustafsson et al, 2021).



Table 2. Definitions of parameters used in the case study. For parameters defined with normal uncertainty distribution, W is the mean value and o is the standard deviation.

Name, symbol System Definition Uncertainty Parameter Unit Source
distribution range
Biochar decay, D Biochar Decay of biochar over 100 years after being applied Uniform Min = 0.10 Fraction of decay Azzi et al (2019)
to soil, measured in mass percentage. Max = 0.50 over 100 years
Biochar yield, 8 Biochar Yield of biochar from pyrolysis process, measured in Uniform Min = 0.21 kg biochar kg Azzi et al (2019)
mass percentage compared to biomass. Max = 0.36 biomass
Carbon capture percentage, C BECCS Ratio of COz captured from the COz emissions of the | Uniform Min = 0.70 - Gustafsson et al
combustion process. Max = 0.90 (2021)*
CCS electricity efficiency, nccs BECCS Ratio of electricity produced by the BECCS plant, Uniform Min = 0.3273 - Gustafsson et al
compared to electricity production from CHP plant. Max = 0.4546 (2021)
See Equation 5 in Section 2.2.
CCS heat efficiency, Bccs BECCS Ratio of heat produced by the BECCS plant, Uniform Min = 1.2162 - Gustafsson et al
compared to heat production from CHP plant. See Max = 1.2534 (2021)
Equation 6 in Section 2.2.
CO:2 long-term storage leakage, L2 BECCS Fraction of COz2 leaking from long-term storage. Normal p = 0.0050 - Erlandsson and
o =0.0010 Tannoury (2020)
CO:2 pipeline leakage, L1 BECCS Fraction of CO: leaking from pipeline transport. Normal 1 =0.00032 - Erlandsson and
o =0.000050 Tannoury (2020)




Electricity for CO2 discharge from BECCS Uniform Min = 0.10 kWh tonne? CO2 Erlandsson and
ship Max = 0.13 Tannoury (2020)
Electricity for COz2 liquefaction BECCS Uniform Min =110 kWh tonne? CO2 Erlandsson and
Max = 140 Tannoury (2020)
Electricity for CO2 loading to ship BECCS Uniform Min = 0.099 kWh tonne? CO2 Erlandsson and
Max = 0.12 Tannoury (2020)
Electricity for CO2 storage 1 BECCS Storage of COz at power plant. Uniform Min = 0.0 kWh tonne? CO2 Erlandsson and
Max = 15 Tannoury (2020)
Electricity for CO2 storage 2 BECCS Storage of COz2 at intermediary storage. Uniform Min = 8.0 kWh tonne CO2 Erlandsson and
Max = 15 Tannoury (2020)
LHV woodchips (dry weight), LHV All Uniform Min = 17 GJ Azzi et al (2019)**
Max = 19 tonne!
Power efficiency, n CHP and Share of electricity recovered from the combustion of | Normal n=0.33 - Azzi et al (2019)
BECCS the CHP plant, expressed as ratio of the LHV value. o =0.033
See Equation 1 in section 2.2. The electricity from the
BECCS plant is further multiplied by nccs.
Pyrolysis power-to-heat ratio, R Biochar The ratio of electricity of the total energy produced Uniform Min = 0.20 - Azzi et al (2019)
from the biochar plant (the rest is heat). Max = 0.40




Thermal efficiency, 6 CHP and Share of heat recovered from the combustion of the Normal n=0.70 - Azzi et al (2019)
BECCS CHP plant, expressed as ratio of the LHV value. See o =0.070
Equation 2 in section 2.2. The electricity from the
BECCS plant is further multiplied by 6ccs.
Transport distance biochar Biochar Transport of biochar from power plant to Normal pn =250 km -
manufacturer of landscaping soil. o=75
Transport distance biomass All Normal u =500 km -
o =100
Transport distance carbon dioxide BECCS Normal W =1800 km -
o0 =180
Transport distance soil Biochar Transport of landscaping soil from manufacturer to Normal u =100 km -
location of usage c=10

* maximum value from source, minimum value based on assumption.

** source gave one value, range assumed based on this value.
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Carbon dioxide sequestration

The amount of carbon sequestered in the Biochar system is calculated as shown in Equation 7.
Cs =B X Cge X % X (1 — D) [kg CO; kg biomass™] Equation 7

Where C; is the amount of carbon sequestered, f is the biochar yield, Cg. is the percentage of carbon in the
biochar and D is the fraction of biochar decaying over 100 years. The carbon sequestration in the BECCS system

is calculated as shown in Equation 8.
Cs = Cg X g X C % (1—1Ly) x (1 —L,) [kg CO, kg biomass™] Equation 8

where Cj is the carbon content in the biomass, C is the percentage of carbon captured from the CCS process, L,

is the leakage from the pipeline and L, is the leakage from long term storage.

Reference activities

In order to account for multi-functionality, the substitution method was applied (substitution is defined as
described by Heijungs et al, 2021). In order to perform this allocation, a reference system was defined consisting
of reference activities. Each function delivered from the foreground system has at least one corresponding
reference activity that fulfils the same function (Table 3). The emissions of the reference activities are seen as so-
called avoided burdens and are subtracted from the total system impact when allocating. The reference activity of
the biomass use product is leaving the biomass in the forest for continued carbon sequestration, as an alternative
to harvesting the biomass. Several alternative reference activities were chosen for the electricity and heat products
and the choices was defined as discrete parameters in the LCI with equal probability. These were, for electricity,
production from natural gas, wind power and coal, and for heat, production from natural gas, oil and wood chips
combustion. The electricity consumed by each system is modelled as the same entry in the Ecoinvent database as
the reference activity for electricity production. The biochar from the pyrolysis plant is assumed to be used as a
component in landscaping soil; therefore, the corresponding reference activity is the same amount of conventional

landscaping soil.
2.3 Analysis of results

Climate impacts of both stand-alone systems and pairwise comparisons of systems were calculated, allowing them
to be ranked according to performance. Rather than calculating impacts for a single set of parameters, global
sensitivity analysis was used to generate distribution of impacts, with 460 000 iterations. These distributions were
then interpreted using contribution analysis, Sobol indices, and decision trees. The analyses were conducted for
each system (CHP, Biochar and BECCS) and FU (heat, electricity, biomass use and carbon sequestration), i.e. a

total of eleven different scenarios to analyse and compare.
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Table 3. The reference activities defined for every function delivered by the three systems studied. The reference

activity for biomass use has a negative impact since carbon is being sequestered, in contrast to emitted carbon

dioxide, which is the case of all other reference activities.

Function Reference activity Impact of reference activity Source
Biomass use Biomass decay in forest (no -89.1 kg CO2-eq tonne? Hammar et al
harvesting) (2019)
Electricity Electricity from wind power 0.015 kg CO2-eq kWh1 Ecoinvent
generated
Electricity from natural gas 0.750 kg CO2-eq kWh! Ecoinvent
Electricity from coal 1.10 kg CO2-eq kwWh'! Ecoinvent
Heat produced Heat from woodchips 0.011 kg CO2-eq MJ? Ecoinvent
Heat from natural gas 0.070 kg CO2-eq MJ! Ecoinvent
Heat from oil 0.093 kg CO2-eq MJ* Ecoinvent
Landscaping soil Conventional landscaping 84 kg CO2-eq (m3)*? Azzi et al (2022)
soil

2.3 Analysis of results

Climate impacts of both stand-alone systems and pairwise comparisons of systems were calculated, allowing them
to be ranked according to performance. Rather than calculating impacts for a single set of parameters, global
sensitivity analysis was used to generate distribution of impacts, with 460 000 iterations. These distributions were
then interpreted using contribution analysis, Sobol indices, and decision trees. The analyses were conducted for
each system (CHP, Biochar and BECCS) and FU (heat, electricity, biomass use and carbon sequestration), i.e. a

total of eleven different scenarios to analyse and compare.
Contribution analysis

In order to identify which parts of the life cycle contributes to a relatively high share of the total impact, i.e. hot-
spots, a contribution analysis was performed across the distribution of impacts. Here, the total impact was divided
into the following groups: carbon sequestration (only for CDR systems), supply chain emissions (all impacts
which are not part of the other groups), avoided burdens due to substitutions for heat and electricity production
(one group for each), avoided burdens due to biochar use (only for Biochar system) and additional impacts due to
the reference biomass use (see Table 3). Separating the avoided burdens due to substitutions and permanent carbon
sequestration allows for a distinction between avoided emissions and actual negative emissions, as recommended
by Terlouw et al (2021).

Pairwise comparison

When conducting a comparative LCA, it is of specific interest to calculate the differences of impacts when
comparing two systems. These differences were calculated for each computation of impacts, i.e. with the same
parameter values for both systems, and for each FU the systems have in common. Based on these differences, the
number of computations for which each system had a lower impact, and was therefore preferable from a climate

mitigation perspective, was calculated.
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Sobol indices

Sobol indices are suitable to use for sensitivity analysis of complex environmental models with high number of
parameters (Nossent et al, 2011) in order to determine the variance contribution for the parameters. If Y is the
output of a system which depends on several parameters, then the Sobol index of the first order for parameter i,
S;, is defined according to Equation 9:

. = Vi
L7y

Equation 9

where V; is the variance in Y due to uncertainty for i, and V(Y) is the variation of the output Y (Nossent et al,
2011). The sum of all Sobol indices is 1, taking into account the total variability and all indices of all orders (Sobol
2001).

In this framework, Sobol indices can be computed for the parameters in order to determine the contribution to the
variance of the result for single parameters as well as interactions of multiple parameters. This is especially useful
for parameters which are defined according to a continuous uncertainty distribution since the number of
combinations to analyse is infinite. Sobol indices can be computed for the choice of reference activities as well
(if they have been defined as parameters, as described before). Sobol indices were calculated for all single
scenarios, but also for the algebraic expressions of the differences in impacts from the pairwise comparisons. Only
Sobol indices of the first order were calculated. i.e. only the contributions of single parameters were taken into
account and interactions of multiple parameters were excluded (Sobol, 2001). Sobol indices of higher order were
not deemed relevant as all sums of Sobol indices of the first order were close to 1 (between 0.84-0.99; see Table

4 and Table 5), meaning that the majority of the variance could be attributed to single parameters.
Decision trees

Lastly, based on the results from the pairwise comparison, decision trees were generated for comparisons where
the results were ambiguous, i.e. when it is unclear which system is (generally) preferable. Decision trees are used
to classify data according to known attributes and predefined classes (Quinlan, 1993). Generated decision trees
are visualised as top-down flowcharts, where each so-called decision node represents a test for a given attribute
on the data, dividing the data into several branches. Decision trees in this study were generated in order to identify
the parameter values which are most influential when calculating the difference between two systems. In other
words, to identify the system configurations where one system is preferable over the other. In order to generate

the decision trees, the Scikit-learn Python module was used (Pedregosa et al, 2011).
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3 Results

3.1 Stand-alone climate impact distributions and contribution analysis

The total impacts of the CDR systems were always negative, i.e. the avoided emissions and carbon sequestrations
outweighed the positive emissions from the systems (Figure 2). The CHP system had net positive emissions in
some cases where the electricity reference activity was wind power, or when the heat reference activity was wood
chips, i.e. when the energy reference activity/activities had a relatively low climate impact. Otherwise, the total
impact of the CHP system was negative, meaning that the avoided emissions were larger than the positive
emissions. For both CDR systems, carbon sequestration contributed significantly to the total impact, especially
for the BECCS system, where the relative contribution from carbon sequestration varied across the distribution
and was the biggest contributor when the impact was relatively high. For the Biochar system, the reference activity
for biochar usage was a significant contributor across the entire distribution (Figure 2b, 2e, 2h, 2j). The
substitutions for electricity and heat were in general dominant contributors to the total impact, and their
contribution increased drastically with a lower impact, meaning that the avoided burdens were the main reasons
for the low, negative impacts. The contribution of other sources of emissions, such as supply chain impact, and

substitution for biomass use, were more constant (relative to each other), regardless of their variance.

For all distributions, a high total impact was always coupled with an energy system with a low climate impact
(wind power and/or woodchips) and the lowest total impact occurred in an energy setting with a high climate
impact (oil and/or coal). This is expected since a high impact energy reference system results in a larger impact

being subtracted from the total impact of the foreground system.

The Sobol indices for each system and FU (Table 4) indicated that much of the variance in the distributions is due
to the differences in impacts for the multiple energy reference activities. In fact, for nine out of eleven scenarios
most of the variance in results could be attributed to these parameters. These nine scenarios include all three CHP
scenarios. For the Biochar system, the parameters biochar decay, biochar yield and power-to-heat ratio also had
high contribution to variance. The parameters which had high contribution to variance for the BECCS system
were the electricity percentage for CCS and the percentage of carbon captured. Some parameters did not

significantly affect the variance of the results of any system or FU, for example the transport distances.
3.2 Pairwise comparisons of climate impact

When the systems were compared pairwise for every FU it became clear that the preferred system depended on
the FU (Figure 3). When the CDR systems were compared to the reference system (CHP), the CDR systems were
preferable for the majority of cases. However, the CHP scenario scored somewhat better when compared to the
BECCS system with heat as FU (preferable in 25.9% of all cases) and compared to the Biochar system with
biomass as FU (preferable in 39.7% of all cases). For all other FUs and pairwise comparisons involving the CHP
system, it was preferable in less than 1% of all cases. In fact, when compared to the BECCS system with electricity

as FU, CHP was the least preferable system for all computed scenarios.
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Comparing the CDR systems to each other, the preferable system shifted with the choice of FU (Figure 3). The
BECCS system was preferable over the Biochar system with electricity generation or biomass usage as FU
(preferable for 98.7% and 97% of all scenarios, respectively), while the Biochar system was preferable when the

FU was heat generated or carbon sequestered (performs better for 89% and 99.7% of all scenarios, respectively).

For the Sobol indices calculated for the differences in results (Table 5), the choice of background energy system
again significantly affected the results, though it seemed in general somewhat less than for single systems. The
differences in impacts involving the biochar system also had relatively high contribution to variance from the

parameters biochar decay, biochar yield and power-to-heat ratio.

For the cases of pairwise comparison where it was ambiguous which system performed better, the sensitive
parameters were identified with decision tree analysis. In the case where the Biochar system and CHP were
compared with biomass as FU (Figure 3g), the Biochar system was preferable for 99.8% of all cases if the
reference electricity supply was wind power (Figure S2). When comparing BECCS to the CHP system with heat
as FU (Figure 3b), BECCS was preferable for most cases (99.3%) if the reference electricity supply was wind
power or natural gas (Figure S3). Lastly, comparing BECCS to the Biochar system with heat as FU (Figure 3c),
the Biochar system was preferable for 99.1% of all cases when the reference electricity supply was natural gas or

coal (Figure S4).

Table 4. Sobol indices of the first order for the calculated impacts of each system and each functional unit (FU).
These Sobol indices express the contribution of a single parameter to the total variance of the result. The three
highest values of Sobol indices are marked in bold, in each column. If the parameter was not present in the

algebraic expression of the impact, the corresponding Sobol index is marked with -¢. Parameters which had the

value of zero as Sobol index for all scenarios are not represented in the table.

FU Heat Electricity Biomass use CO; seq.
System CHP Biochar | BECCS | CHP Biochar | BECCS | CHP Biochar | BECCS | Biochar | BECCS
Parameter name

Biochar decay, D 0.04 0.05 - - 0.04 - 0.10

Biochar yield, B 0.23 - 0.28 - - 0.00 - 0.16 -
Carbon capture 0.12 0.02 - - 0.03 0.02
percentage, C

CCS electricity 0.02 0.09 - - 0.00 0.00
efficiency, Nccs

Electricity source 0.95 0.54 0.49 0.00 0.00 0.02 0.71 0.62 0.11 0.44 0.11
Heat source 0.94 0.29 0.71 0.26 0.27 0.81 0.19 0.81
LHV woodchips, LHV | 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Power efficiency, n 0.02 - 0.02 0.02 - 0.11 0.01 - 0.00 - 0.00
Pyrolysis power-to- 0.16 0.34 - - 0.02 - 0.01

heat ratio, R

Thermal efficiency, 6 | 0.01 0.30 0.03 0.02 0.01 - 0.02 0.02
Sum 0.98 0.97 0.97 0.99 0.96 0.97 0.99 0.95 0.97 0.90 0.96
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Figure 3. Pairwise comparisons of systems and scenarios, showing the share of computations for which each
system (BECCS, biochar or CHP) has a lower climate impact than the other, for each functional unit (heat,

electricity, biomass or carbon sequestration).
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Table 5. Sobol indices of the first order for the calculated differences in impacts for each pair of systems and each

functional unit (FU). The three highest values of Sobol indices are marked in bold, for each case. If the parameter

was not present in the algebraic expression of the impact, the corresponding Sobol index is marked with -

Parameters with zero as Sobol index for all differences are not represented in the table.

FU Heat Electricity Biomass use CO,
seq.
Systems compared Biochar | BECCS | BECCS | Biochar | BECCS | BECCS | Biochar | BECCS | BECCS | BECCS
VSCHP | vsCHP | vs VS CHP | vsCHP | vs VS CHP | vsCHP | vs VS
Biochar Biochar Biochar | Biochar
Parameter name
Biochar decay, D 0.07 - 0.05 0.06 - 0.02 0.05 - 0.06 0.15
Biochar yield, B 0.45 - 0.28 0.38 - 0.11 0.00 - 0.00 0.24
Carbon capture - 0.02 0.01 - 0.04 0.03 - 0.03 0.06 0.00
percentage, C
CCS electricity efficiency, | - 0.00 0.00 - 0.16 0.12 - 0.00 0.01 0.00
Nces
Electricity source 0.01 0.93 0.38 0.00 0.03 0.02 0.58 0.90 0.19 0.42
Heat source - - - 0.01 0.57 0.36 0.17 0.03 0.50 0.01
LHV woodchips, LHV 0.00 0.00 0.00 0.00 0.01 0.00 0.02 0.00 0.01 0.00
Power efficiency, n 0.02 0.01 0.00 0.00 0.15 0.13 0.06 0.01 0.01 0.00
Pyrolysis power-to-heat 0.31 - 0.20 0.47 - 0.14 0.02 - 0.03 0.02
ratio, R
Thermal efficiency, 6 0.02 0.01 0.02 0.01 0.02 0.03 0.03 0.00 0.05 0.01
Sum 0.88 0.97 0.94 0.93 0.98 0.96 0.93 0.97 0.92 0.85
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4 Discussion

4.1 Interpretation of results

In general, both CDR systems have a lower climate impact than the CHP system, since the clear majority of
computations of pairwise comparisons were in favour of the CDR systems. However, there were also system
configurations where the CHP system scored better. These were primarily settings when the background energy
system had high climate impact due to combustion of fossil fuels, so the climate benefit of the higher fossil fuel

replacement caused by the higher energy efficiency of the CHP outweighed the climate benefits of CDR.

Biomass as FU may be used in order to assess how biomass resources are most efficiently used for climate change
mitigation (Ahlgren et al, 2015). Assessing the most efficient use of biomass is of clear interest as the demand of
biomass will increase in a future transition from fossil fuels to biofuels (Berndes et al, 2016). This is especially
important in contexts where biomass or land are limited resources. BECCS was preferable to both Biochar and

CHP with biomass as FU (Figure 3), indicating that it is a more climate-efficient use of biomass.

With electricity or heat as FU, the results of an LCA can be used to identify a system which provide electricity
and heat, respectively, with a relatively low climate impact. Electricity with low climate impact is of importance
when planning the national electricity supply, which is of particular interest for energy prospects that include both
a growing demand for electricity and a simultaneous phase-out of fossil fuels (Luderer et al, 2022). Producing
heat with low climate impact is relevant when the aim of the plant is to supply heat, e.g. for industrial or district
heat systems. This is a critical question especially for countries situated in colder climates, with a large demand

for heat.

Using carbon sequestration as FU can be relevant when CDR is in focus and to make sure that the accomplished
negative emissions are not outweighed by supply chain emissions (i.e. the total net emissions are negative).
Terlouw et al (2021) finds carbon sequestration as an appropriate FU when comparing different CDR systems to
each other. Choosing between and comparing different CDR systems are relevant questions when designing future

climate pathways including CDR techniques to reach climate goals (Fuss et al, 2018).

The ranking between the CDR systems depended on the FU. This means that when deciding which CDR system
to implement, the better choice will be different depending on which indicator is of most interest. In our analysis,
Biochar was preferable to BECCS when CDR was a FU (Figure 3), indicating that the supply chain and side-
effects of Biochar have more climate benefits than those of BECCS. Furthermore, Biochar always yielded
negative climate impacts and BECCS impacts were negative or close to zero, showing that most configurations

of both of these CDR technologies have overall beneficial climate effects, considering their total lifecycle impact.

The results allow for a general conclusion to be drawn regarding whether the CHP or the CDR systems in question
are preferable, since both CDR systems were preferable in most systems constellations (though not all) across all
FUs. However, when attempting to compare the CDR systems, the preferable system varies depending on FU,
making it difficult to rank them according to climate impact. It seems, as illustrated in the review by Terlouw et
al (2021), that most LCAs applied to Biochar and BECCS systems only consider one FU. This study has shown
that an analysis based on one FU is not sufficient when considering the climate impact of these systems when the

purpose is to make a general comparison.
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4.2 Limitations

In this study, we only analysed systems with biomass with low climate impact, assuming that such bioenergy
systems are the primary interest from a policy perspective. Feedstock with other climate impact may affect the
(relative) performance of the systems. The BECCS system studied was a CHP system, producing both electricity
and heat, as that is of most relevance from a Nordic perspective. The results are not directly applicable to bioenergy
systems that produces electricity only, where heat is not considered a valuable product. Some parts of the LCI
were omitted from this study, e.g. infrastructure. Side-effects such as albedo effects and indirect land use were

also not considered, though they could potentially affect the result (Terlouw et al, 2021).

The analysis presented in this paper is limited to the ranges of parameters set by the authors. Other approaches
and parameter definitions would lead to differences in distributions, rankings and decision tree classification rules.
With a broader parameter range, several potential scenarios could be considered, but they may not be very relevant
or realistic. Based on this trade-off, two different rationales can be distinguished, according to which the
parameters may be defined. In Rationale 1, each parameter is given its maximum theoretical range, e.g. for biochar
stability the parameter range defined would be 0 — 100%. This means that all possible scenarios are considered,
even though they may be considered unreasonable. However, when defining parameters which do not have a clear
maximum or minimum, such as transport distances, there is still a need to set a subjective, reasonable limit. In
Rationale 2, each parameter is given a likely range in a given context, e.g. for biochar stability of a biochar with
fairly good stability, the parameter range could be constrained (to e.g. 60-90%). The range can be defined by e.g.
conferring with literature and defining a marginal of uncertainty. Using Rationale 1 will probably result in many
calculated results being outside the scope of what is deemed realistic, but will allow to identify extreme cases and
more general conclusions. Rationale 2 may result in a distribution which does not include all possible results, but
is more context specific. For this study, Rationale 2 was chosen, with the implications that there may be cases of
relevance for individual assessments that fall outside of the parameter ranges defined in this study and are thus

not part of the analysis.

The LCA in this study only calculated the climate impacts, though naturally there are many other impact categories
which are of interest when assessing the environmental performance of a system. To include additional impact
categories or even decision-making tools could also clarify which system is preferable in general, though
subsequently this would entail an assessment of several criteria instead of just one. This study focused on the

climate impact since it is a crucial impact category for energy systems and CDR technologies.

For bioenergy systems, it is of particular interest to look into how much biomass is used, since biomass is in
competition with other forms of land-use, for example agriculture. In this study, for all FUs that were not biomass
use, the systems were penalised by a higher use of biomass since the reference activity was carbon sequestration
from biomass decay in forests (see Table 3), which has a negative impact, meaning that using biomass resulted in
a higher total climate impact. Even if there is a net negative impact from a system with biomass as FU, i.e. a
climate benefit for each tonne biomass consumed, biomass is still a limited resource and therefore there are
constraints on the amount of biomass which can be used. In other words, there are sustainable and non-sustainable

ways to produce and harvest biomass, depending on the type and amounts of biomass being extracted. This
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resource limitation is not reflected in an LCA, a tool which assumes linear relationships between resource use and

environmental impact, and does not take into account e.g. the concept of tipping points (cf Rockstrom et al, 2009).

Harvesting biomass is thus subject to several sustainability issues, including and beyond climate impact.
Therefore, an interesting indicator to look into is the amount of biomass used for each unit of product, e.g. kg of
biomass per kWh of electricity. The BECCS system will produce more heat but less electricity than the CHP
system per kg biomass (as can be seen in Equations 1, 2, 5, and 6, and the fact that the parameter nccs is always
lower than 1, and parameter Occs is always higher than 1). Hence, in a local scenario where biomass is a limited
resource, either BECCS or CHP will be the most suitable systems to implement, depending on whether the product
of particular interest is heat or electricity. The amount of biomass required for producing electricity will vary with
the parameters defined. Still, when the mean and median values for the amount of biomass required for producing
1 MWh of electricity are compared for all three systems (Table S3), BECCS requires the highest amount of
biomass and CHP the lowest (less than half of the BECCS system). For production of 1 GJ of heat, Biochar
requires the highest amount of biomass and BECCS the lowest (about half of the Biochar system). Lastly, for 1
kg of sequestration of carbon, the Biochar system requires about three times the amount of biomass when

compared to the BECCS system.

5 Conclusions

In a large majority of analysed scenarios, the CDR systems were preferable over the reference CHP system, but
the preferable CDR system depended on the choice of FU. The Biochar system was preferable for heat and carbon
sequestration as FUs, while the BECCS system was preferable for FUs electricity and biomass use. This finding
indicates that when conducting a comparative LCA for multifunctional systems, the choice of FU is important
and must be chosen to suit the purpose of the LCA. In the case of bioenergy with CDR, the choice of FU is related
to the views on the use of limited biomass resources, the role of bioenergy in the energy system and the role of

CDR in climate change mitigation.

Due to the multifunctionality of systems, the substitution method was used to take into account and give credit
for all products delivered by the systems. The parameters which contributed the most to variance, both for single
systems and pairwise comparisons of scenarios, were the parameters for heat and electricity reference activities.
This is because there is a large difference in climate impact between the alternative background energy supplies
that were modelled. Decision tree analysis showed that the CDR systems performed better than the CHP system
particularly in an energy setting with low climate impact electricity supply. Parametrisation of the systems allowed
for a more generalised analysis than conventional LCA practice, although parameter ranges should be clearly
motivated. In addition, presenting climate impact results with contributions (e.g. carbon storage, supply-chain
emissions, substitutions) rather than just a net score is important to understand the composition of the climate

change impact of multifunctional CDR systems.
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github.com/SLU-biochar/Bioenergy-CDR-LCA.
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