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Abstract

Purpose Life cycle assessment (LCA) studies have overlooked the potential range of biochar’s effects on agricultural soils.
Only several of the numerous soil effects reported in empirical studies have been included in LCA models. This study aims
to establish a consistent lifecycle inventory (LCI) approach to include biochar’s soil effects in LCA and assess the conceptual
applicability of LCA to model soil effects.

Methods To exemplify this approach, a case study was conducted, which also provides insight into the environmental
implications of biochar’s soil effects and whether LCA results can help guide biochar optimization for greater environmental
benefits. For soil effects that met all inclusion criteria, empirical data was selected based on controlling factors and translated
into inventory data. The LCI approach was applied to a case study in Aguascalientes, a semi-arid state in central Mexico
that suffers from droughts.

Results The combined soil effects have a substantial overall impact across all impact categories, mostly dwarfing upstream
biochar production and treatment impacts. This is driven by the persistent soil effects; the transient soil effects contribute
far less. Biochar primarily leads to a net environmental benefit in an impact category, strongly depending on the soil effect
literature data that is selected. While some soil effects have been researched sufficiently to produce sensible meta-analyses
(e.g. crop yield increase), others have only been quantified a handful of times or solely qualitatively assessed (e.g. fire hazard
increase).

Most soil effects have a non-intermediate impact and can be modelled as intervention or economic flow in some form, with
some missing appropriate characterization models. Biochar’s soil effects have a substantial environmental effect and cannot
be ignored. A highly accurate inclusion of soil effects in LCA is hindered by several conceptual (non-linearity of soil effect
expression, missing characterization models, focus on environmental impact) but mostly data-related (availability of long-
term empirical field data) constraints.

Conclusion Although the results varied across scenarios due to differences in model assumptions and uncertainties, they
provided in order of magnitude trends that still allowed for informed conclusions on how to tailor biochar in Aguascalientes
to maximize environmental benefits while minimizing associated risks (e.g. increasing pyrolysis temperature to reduce PAH
content).

Keywords Biochar as soil amendment - LCA - Agricultural soil effects - Aguascalientes - Mexico

1 Introduction

Our planet’s most essential means to sustain biodiverse life,
its atmosphere and upper layers of soil, are under increasing
pressure due to anthropogenic activity. The former suffers
from an over-abundance of inorganic carbon (CO,, CH,)
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caused by practices like deforestation and fossil fuel com-
bustion (Allen, 2018). The latter is rampantly degrading due
to decreases in soil organic carbon (SOC) caused by indus-
trial agriculture and as a result of climate change (Ferreira
2022).

Biochar is a carbon-rich material that can be produced
from any organic waste by heating it under low oxygen
conditions, a process called pyrolysis. During this process,
photosynthetic carbon is sequestered in a stable form in bio-
char’s structure. Application of biochar to agricultural fields
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results in the expression of numerous (mostly beneficial)
‘soil effects’ (or ‘co-benefit’), caused mainly by biochar’s
high porosity and cation-exchange capacity (CEC). These
soil effects include nutrient retention, microbial activity, and
water buffering capacity, which often lead to an increase in
crop productivity. The perceived expression of biochar’s soil
effects is context-specific and is determined by local soil
properties, agricultural practices, climate conditions, biochar
physiochemical properties, and application rates (Lehmann
et al. 2015; Tisserant et al. 2019).

While biochar as a soil amendment has seen some atten-
tion in life cycle assessment (LCA) research, biochar’s soil
effects have not been represented extensively. While more
than 20 biochar soil effects have been reported, only 4 of
these have been included in LCA studies (N,O-emission
reduction, crop yield increase, fertilizer use reduction,
CH,-emission reduction). Matustik el al, (2020) provides
an overview of biochar LCA studies and how these have
included soil effects (either by substitution of crop produc-
tion or fertilizer use or negative intervention of N,O or CH,).
Most LCA studies consider none or a single soil effect,
often focussing on the climate change impact category. The
present study assesses all empirically reported soil effects
encountered in literature at the time of writing (see Table 1
in the methodology for all references).

Quantifying biochar’s soil effects with LCA provides
specific data to enhance its adaptation. In fact, biochar can
be ‘tailored’ by playing with the way it is produced (e.g.
feedstock, pyrolysis conditions), pre-treated (e.g. quench-
ing, activation, nutrient/microbe charging), or applied (e.g.
amount, soil type, climate conditions, crop type). Change of
the physiochemical properties of the biochar influences the
specific effect in the soil (Tisserant and Cherubini 2019).
LCA evaluates the positive and negative environmental
effects of biochar to get a quantitative understanding of its
benefits and risks per lifecycle stage and soil effect. This
information can then be used to tailor the production and
application of biochar to maximize its benefits for the envi-
ronment. According to the International Reference Life
Cycle Data System (ILCD) framework, this corresponds to
micro-level decision support, which guides product-level
choices such as technology selection and design (Chom-
khamsri et al. 2011). LCA data can also be used to compare
the environmental effects of biochar and other organic waste
valorization options (e.g. composting, anaerobic digestion,
waste-to-energy incineration). These insights can be used for
ILCD meso/macro-level decision support (public policy or
strategy). Lastly, biochar’s effect on climate change mitiga-
tion goes further than the carbon that is sequestered in its
structure. It may decrease soil-related N,O and CH, emis-
sions, stabilize native soil carbon, and potentially reduce
land-use change as a result from crop yield increases (Azzi
et al. 2021). These soil effects are not included in biochar
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carbon credit certification methodologies, but their relative
significance should be researched (Etter et al. 2021).

The goal of this study is to establish a consistent approach
to translate biochar soil effect literature data into inventory
data and analyze the conceptual applicability of LCA to
model soil effects. To support this objective, an LCA case
study will serve as a practical test of the proposed approach
by analyzing a biochar system alongside alternative waste
biomass applications in Aguascalientes, Mexico.

2 Methodology

The LCI approach to consistently include biochar’s soil
effects in LCA was developed through literature study and
reasoning (2.1) and exemplified through a case study (2.2).

2.1 Development of the LCl approach

The approach follows ISO 14040 along with the general
handbook of Guinée (2002). LCA technical frameworks
from (Azzi et al. 2021; Klgverpris et al. 2020) were used.
Azzi presents an evaluation framework for biochar LCA
studies to make the biochar end-of-life and the reference
situation explicit, laying the foundation for the strategy to
translate literature data to inventory results. Klgverpris elab-
orates on the inclusion of lifecycle impacts from changes in
agricultural practices and subsequent crop yield changes.
Their insights were used in the choice of functional unit and
allocation method.

2.1.1 Goal and scope definition

The production and soil application of biochar is done for
multiple purposes, like.

i. Carbon abatement

ii. Organic waste treatment
iii. Soil enhancement and crop yield increases
iv. Water saving

As a result, biochar LCA studies have chosen a wide
variety of functional units (e.g. abatement of x ton CO,,
treatment of x ton organic waste, production of x ton maize)
(Matustik et al. 2020). The functional unit of the LCA
depends on the goal of the study. For example, if a munici-
pality wants to compare different waste valorization options
(composting, biochar, waste-to-energy), the functional unit
needs to be like ‘one ton of waste valorised’ in order to com-
pare the alternatives. However, if the goal is to compare the
environmental impact of different crop systems, a functional
unit like ‘one ton of agricultural product’ is applicable.
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In many cases, the application of biochar to the field
increases annual crop yields (Lehmann et al. 2015). If you
assume that the total demand for crops in the world remains
the same, an increase in crop yield on field A would result
in less land required for that crop on field B (Fig. 1). Field
B can then be used for another purpose, like reforestation,
a different crop, or construction of real estate. This effect
of biochar is important to include in the LCA, as it may
have a significant impact. (Klgverpris et al. 2020) presents
a framework to include such changes in agricultural out-
put in the LCA study through a consequential approach.
They propose system expansion, where the environmental
impacts of the crop originally produced on field B may be
subtracted from the system on field A (displacement). Net
post-harvest environmental impacts remain the same, as
the agricultural output remains the same. The crop is now
produced on field A instead of field B. An interesting ques-
tion that Klgverpris (2020) discusses is how to determine
the environmental impacts of the crop previously produced
on field B. Instead of conventional crop production, a less
competitive supplier might be pushed out of the market as
a result of the yield increase on field A. To estimate even
more complex consequences of yield increases, indirect
land-use change (ILUC) models may even be necessary.

For simplicity in this study, simple system expansion is
chosen, where the environmental impacts of field B are
assumed to be the same as field A in the original situa-
tion without biochar. Although not mentioned in the ISO
standards, this is often referred to as substitution instead of
system expansion, as we remain with only a single function
of the system (Tillman et al. 1994).

Some biochar soil effects are transient (e.g. N,O emis-
sion reduction), while others have shown persistence for
many years. The discovery of hyper-fertile Amazonian
soils believed to be amended with biochar thousands of
years ago is proof of potential strong persistence (Gur-
wick et al. 2013; Lehmann et al. 2015). The combination of
transient and persistent soil effects means that a temporal
dimension needs to be included in the functional unit and
that a finite time horizon needs to be decided for the LCA.
If there is no time horizon, biochar’s environmental effect
becomes infinitely large. If there is long-term empirical
data of a soil effect showing changes in expression over
time, it can be included in the model through time ramps
or attenuation factors.

If biomass is grown specifically to produce biochar,
the environmental impacts from the production of the
crop should be included in the LCA’s system boundaries.

Fig. 1 Biochar application may
increase the crop yield on field
A by AQ. This displaces the
need for production on field B
by—AQ, assuming that the total
crop demand (Q) remains the
same. This can be included in
the LCA by substitution (often
referred to as system expan-
sion). Adapted from Klgverpris
(2020)

Without biochar

Agricultural inputs A

A

Field A
without

biochar

Field emissions A

Fresh crop Post-harvest Crops to market (Qj
treatment

With biochar

Agricultural inputs A

Substitution

A

Field A
with biochar

A
! Field emissions B

Field emissions A

Fresh crop Post-harvest Crops to market (:1+ AQ)
treatment
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However, biochar is ideally produced from waste biomass
that has no recyclability value (Matustik et al. 2022). There-
fore, the waste biomass may enter the biochar system free of
environmental burdens (cut-off). In case the waste biomass
is not used to produce biochar, it would have a different
‘status-quo’ fate. This fate needs to be included in the LCA,
either as an alternative fo the biochar system or as an avoided
burden in the biochar system (through substitution). Some
of biochar’s soil effects may also lead to avoided burdens.
For example, when biochar increases soil water and nutri-
ent retention, burdens from irrigation and fertilization may
be avoided.

2.1.2 Inventory analysis

Literature research was done to identify all of biochar’s
soil effects for which empirical evidence has been found.
Most soil effects are described in (Tisserant and Cherubini
2019), though several soil effects are only mentioned in one
or two more recent papers (e.g. O’neil, 2021). The full list
of identified soil effects with respective sources is provided
in Table 1 in the Results section.

The application of biochar to the soil causes a complex
cause-effect chain of soil interactions. For example, soil
microbial activity thrives in biochar’s macropores, lead-
ing to changes in soil organic carbon and structure, which
in turn affect soil water and nutrient retention. (Azzi et al.
2021) argues that in order to avoid double-counting, only
soil effects that occur at the end of the cause-effect chain
should be included in the LCA model. To translate this com-
plex chain of soil interactions into LCA inventory data, the
cause-effect chain may affect LCA impact categories either
through an intervention (e.g. N,O-emission reduction) or
an economic flow (e.g. reduction of fertiliser use). Since
biochar has a mostly positive effect on the environment, the
interventions are mostly negative and the economic flows
are mostly avoided burdens (by substitution).

Some soil effects are intermediate; they do not directly
entail interventions or economic flows but only through other
soil effects which they influence. For example, an increase
in seed germination rate due to biochar application will be
reflected in a higher crop yield. Other soil effects (e.g. a
change in soil microbial diversity) may affect the environ-
ment in a way that is currently not quantifiable through
interventions or due to missing or disputed characterization
models and impact categories (Vrasdonk et al. 2019). These
soil effects should be included in the LCA model, but can-
not be included at this time. Similarly, soil effects for which
insufficient empirical data is available should conceptually
be included, but may not be included if the goal of the LCA
study requires high-quality and precise data. Every identified
biochar soil effect was assessed to determine whether they

should be modelled conceptually, and whether they can be
modelled realistically.

Empirical studies that report biochar soil effect data often
do this as a percentage increase or decrease from a baseline
situation without biochar. In order to quantify the soil effects
as LCA inventory data, a baseline situation with agricultural
inputs (fertilization, irrigation, etc.) and outputs (crop yield)
along with field emissions (e.g. CH,, N,O, etc.) need to be
established for the studied field.

While biochar’s soil effects depend greatly on local cli-
mate and soil conditions and are therefore hard to predict,
there are factors that have some predictive power on the
expression of certain soil effects. (Tisserant et al. 2019) calls
these ‘controlling factors’ and provides a great overview
on available research on this topic (in their supplementary
information). For example, the selection of the feedstock
(e.g. wood, sludge) to produce biochar determines its micro
and microporosity and therefore its effect on soil hydrology.
These controlling factors were used to select the most rel-
evant soil effect data for the studied biochar system.

2.2 Application of the LCl approach

The reasoning of the LCI approach in Chapter 2.1 is exem-
plified through a case study.

2.2.1 Goal and scope definition

Aguascalientes was chosen as a case study, as the state suf-
fers from poor soil quality and prior scientific research on
biochar as a soil amendment has been conducted (Berger
and Flesch 2018). A hypothetical biochar system was con-
figured based on interviews with local farmers, researchers,
and (governmental) agricultural institutes. The interviews
followed an unstructured open format and were intended to
get a better understanding of the context of biochar applica-
tion. A flowchart of the biochar system processes and an
overview of the most important assumptions (production
conditions, application rate, etc.) are provided in Fig. 6 and
Table 3 in the appendix.

Aguascalientes has an enormous unutilized organic waste
stock (Berger and Flesch 2018). In this case, an interesting
goal of the study would be to compare biochar with other
waste valorization options. A well-suited functional unit is
then defined as ‘per year for one ton organic waste utilized.’

The status-quo fate of the waste biomass and other exist-
ing valorization methods in Aguascalientes were considered
as alternatives to the biochar system. From the open inter-
views and the work of (Berger and Flesch 2018), several
sources of waste biomass were identified that are well-suited
to produce biochar:
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i. Small branches and leaves (trimmings) from nut trees,
forestry, vineyards, and municipal parks that are often
incinerated in the field by ranch owners (open burn-
ing).

ii. Organic waste at the municipal landfill (60-70% of
the total waste is organic) that is often brought in pre-
separated.

iii. Woody waste at the municipal compost that is difficult
to compost.

iv. Residues from nopal and tomato/pepper wintering, nut
shells, and coconut fibre.

Based on the current fate of these biomass sources in
Aguascalientes, 3 alternative waste valorization options
were included as alternatives to the biochar system in the
study (incineration/open burning, fuel in brick-firing, and
landfilling). The flowcharts and reference flows of the alter-
native systems are provided in Fig. 7 in the appendix.

As baseline emissions, the production of maize grain
from Ecolnvent v3.4—cut-off by classification was chosen.
This same process was also chosen as an estimate for the
avoided burdens from the biochar-induced yield increase
(substitution). We assumed a time horizon of 30 years in
light of 2050 climate agreements following the approach of
Wang (2014).

In Aguascalientes, there is a mixture of clayey and
sandy soils (cambisol, vertisol, phaeozem, kastafiozem,
leptosol, calcisol) that are rather degraded, dry, and acidic
(Flesch 2020; INEGI, n.d.). These factors were used as
input to select applicable soil effect data using the con-
trolling factors from (Tisserant and Cherubini 2019).

Water

retention

Biochar Microbial

activity

2.2.2 Inventory analysis

Each identified soil effect was analyzed based on the pro-
posed LCI approach. Table 1 below can be read from left
to right, with column 2 as condition if the effect should be
modelled and columns 3 and 4 as conditions if the effect can
be modelled. For the purpose of this exploratory study, soil
effects with any quantitative empirical data as indicated in
column 4 can be included (labelled as ‘sufficient’). Columns
2 and 3 result from following the approach in Fig. 2, and
column 4 followed from a literature review of empirical soil
effect data. When a condition for inclusion is not met, the
text in the cell will be highlighted in red/italics and subse-
quent conditions will not be considered.

(1) Biochar application may result in yield increases or
reduction in agricultural inputs to achieve the same yield, or a
combination of both. (2) Biochar has an effect on soil hydrol-
ogy beyond its effect on soil water holding capacity (WHC):
it increases the amount of plant available water (PAW). (3)
Organic and inorganic carbon sequestered in biochar is not
considered in this soil effect but modelled in the upstream
biochar production process. (4) Biochar itself can be mod-
elled as intervention if characterization factors are available.
(5) Biochar’s high cation-exchange capacity (CEC) is the
intermediate reason for the expression of many of its soil
benefits. (6) Negative effects on structure and erosion occur
when organic matter is removed from the field to produce
biochar. Positive effects occur when biochar is applied. CF,
controlling factor as in (Tisserant Cherubini 2019); GWP,
global warming potential; SIC, soil inorganic carbon; SOC,
soil organic carbon; DOC, dissolved organic carbon; PM,

Avoided processes

LCA impact categories

Soil cause-effect chain Intervention
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Fig.2 Biochar application induces a complex cause-effect chain of soil interactions. To avoid double counting, only processes at the end of the

chain should be included. Adapted from Azzi (2021)
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particulate matter; EF, economic flow; PAH, polycyclic aro-
matic hydrocarbon; PCB, polychlorinated biphenyl; CEC,
cation-exchange capacity; AEC, anion exchange capacity.
Out of the 23 reported soil effects in Table 1, 30 envi-
ronmental impacts at the end of the cause-effect chain were
identified. Twenty-one of these environmental impacts can
be modelled as either an intervention or economic flow
(Table 1, column 3) in the current state of lifecycle inventory
(LCI) and lifecycle impact assessment (LCIA). For almost
half of these, there is insufficient quantitative empirical lit-
erature data to be included at all, leaving 12 impacts at the
end of the cause-effect chain that could be included in our
LCA case study. These 12 are elaborated in Table 2 below.
To evaluate the robustness of the results and account for
variability in input assumptions, a scenario analysis was
used to compare reasonably best-case, most likely-case, and
worst-case (high-med-low) outcomes for key soil effects in

Table 2 Inclusion of soil effects in the case study

the biochar system, in line with ILCD guidelines (Chom-
khamsri et al. 2011). As the contribution of biochar’s effect
on crop yield was expected to be dominant, a fourth scenario
was included where the soil effects are set at their high val-
ues, but the yield increase is set at medium. The medium sce-
nario was based on an average soil effect expression that can
be expected in the context of the soil Aguascalientes (using
the controlling factors). For example, a controlling factor
for yield increase is the current soil quality. Since the soil in
Aguascalientes is somewhat dry, degraded, acid, and nutri-
ent poor, a relatively high yield increase can be expected.
The low and high scenarios were based on a worst and best-
case scenario encountered in empirical data, respectively.
The chosen values per soil effect are elaborated in Table 2.
No scenario analysis was done for any of the upstream pro-
cesses in the biochar system, as this has been done in previ-
ous studies and this inventory data is much more reliable in

Impacts at the end of the cause-effect chain

Modelled as

Potential displacement of agricultural impacts elsewhere

Reduction of impacts from irrigation

Fertilizer production and broadcaster application reduction

Fertilizer use reduction + nutrient leaching reduction beyond fertilizer
use reduction

N,O: Impacts on a.o. acidification and climate change
NOx: Impacts on a.o. acidification and eutrophication
NH;: Impacts on a.o. acidification and eutrophication
CH,: Impacts on a.o. climate change and photochemical oxidation

Changes in native SOC and SIC due to biochar priming and induced
changes in C mineralization and root C sequestrations affect climate
change by long-term C storage or CO, emissions

Decomposition of biochar results in CO, emissions that reduce its
climate benefit

Toxic compounds in biochar may increase terrestrial ecotoxicity

DOC leaching from biochar impacts aquatic toxicity. Biochar has also
been observed to reduce DOC leaching

Substitution of maize grain production Argentina (AR) (EI). The dataset
of Argentina was chosen because it is expected to most closely resem-
ble the situation in Mexico, for which no extensive data was available.
L/M/H: 0/5/25% displacement of 7.4 ton/ha.year. Modelled linearly
for full 30 years

Substitution of irrigation US (EI). US chosen to resemble Mexico in
large fraction of well-water. L/M/H: 108-232-347 m3/ha.year dis-
placed. Modelled linearly for full 30 years

Substitution of urea, phosphate and nitrogen fertilizer production and
fertilizing by broadcast (EI). L/M/H: 5/10/20% displaced of maize
grain AR baseline. Modelled linearly for full 30 years

Interventions in of nitrate, phosphate, and phosphorus. L/M/H:
10/20/50% for N and L/M/H: —20/20/80% for P emission reduction
from maize grain Agentina baseline. Modelled linearly for full 30
years

Intervention in of N,0. L/M/H: 17% (1 year transient)/40% (1yr tran-
sient)/54% (30 years) from maize grain AR baseline

Intervention in of NOx. L/M/H: 0%/50% (1 year transient)/50% (30
years) from maize grain AR baseline

Intervention in/out of NH;. L/M/H: —30%(1 year transient)/0%/12% (30
years) from maize grain AR baseline

Intervention in/out of CH,. L/M/H: —0.4 (30 years)/0.8 (1 year tran-
sient)/0.8 (30 years) kg/ha.year

Intervention in/out of CO, to long-term soil biomass stock.

L/M/H: —0.08/0.08/0.12 ton C/ha.year (1 ton C=3.67 ton CO2).
Modelled linearly for full 30 years

Intervention in/out of CO, from long-term soil biomass stock. L/M/H:
3/5/7% of biochar decomposed linearly after 30 years

Intervention in/out of toxic substances based on averages from biochar
analyses from Flesch (2020). L-M-H: 100%/1%/— 1% of compounds
remediated or added to soil upon first application

Intervention out of DOC. L/M/H: 0/0.06/0.18 wt% from biochar

AR Argentina, US United States, EI Ecolnvent, L/M/H low/medium/high scenarios, SOC soil organic carbon, SIC soil inorganic carbon, DOC

dissolved organic carbon
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literature (Matustik et al. 2020). The soil effects were either
modelled as transient for 1 year or linearly expressed over
the entire time horizon of 30 years (Table 2). Time ramps
or attenuation factors were not used for any soil effect, as
sufficient empirical data showing quantitative changes in
expression through time was not available.

3 Results
3.1 Impact assessment

All midpoint CML ‘baseline’ impact categories elaborated
in Guinée (2002) were considered along with ReCiPe’s
‘water depletion’ (H) midpoint category to reflect Aguas-
calientes’ water crisis. The CML ‘climate change’ category
was swapped for [PCC’s ‘climate change, GWP100a’ impact
category as it includes more characterization factors relevant
for this study. The category indicator results of the biochar
system were compared with the results of the field incinera-
tion, brick-firing, and landfilling alternatives. The results are
displayed as a percentage relative to the system with the
highest impact in order to plot the results of each category
indicator in one graph (Fig. 3).

The biochar system results in a net environmental benefit
(negative category indicator results) for most (10 out of 12)
impact categories, with the exception of freshwater aquatic eco-
toxicity and terrestrial ecotoxicity. The biochar system scores
better than the alternatives in the categories acidification,
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Category indicator resullt relative to highest impact

Climate change Acidificati Eutrophicatit Fr Human toxicity
aquatic

-20% ecotoxicity
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A1l: Biochar A2: Incineration

tand use
competition

eutrophication, human toxicity, land use competition, photo-
chemical oxidation, and water depletion. The brick-firing alter-
native scores better in the other half of the categories.

The brick-firing system performs well because the biomass
is used to replace natural gas. However, it has to be noted that
only larger pieces of wood can be used in brick-firing. Since
biochar can be produced from any type of waste biomass
(e.g. small trimmings), it does not need to reduce the amount
of biomass that is available for brick-firing. The brick-firing
alternative was included as a reference to the environmental
impacts of the biochar system and not necessarily as a direct
substitute. Moreover, brick-firing is not exclusively done using
natural gas, but more sustainable heating systems like solar
furnaces are in use (Villeda- Muifioz et al. 2011).

Field incineration and landfilling only lead to environ-
mental impacts (though it has to be noted that carbon stor-
age in a ‘wood vault’ by burying wood was not included in
the study). These can also be seen as potential (avoided)
burdens of the biochar system when the waste biomass is
used to produce biochar instead of landfilled or incinerated.
This increases biochar’s environmental benefit substantially
in the categories acidification, human toxicity, photochemi-
cal oxidation, and freshwater aquatic ecotoxicity. If the pro-
duction of biochar prevents landfilling or field incineration,
biochar’s net effect on freshwater aquatic ecotoxicity is even
beneficial (meaning that the only net environmental impact
that remains is on terrestrial ecotoxicity).

For the biochar system, an analysis was done to iden-
tify the relative contribution of the production of biochar

Terrestrial Water
depletion

Marine aquatic Ph i Depletion of  Str ic
ecotoxicity oxidation abiotic ozone depletion ecotoxicity
resources

A3: Brick-firing A4: Landfilling

Fig.3 Category indicator results of the four systems, assuming the ‘medium’ soil effect scenario and a biochar application rate of 20 ton/ha
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(feedstock transportation, pyrolysis, Kon-Tiki construction),
biochar preparation (pre-treatment, biochar transportation,
dispersion on the soil), and the soil effects. The absolute val-
ues of the category indicator results are provided in Table 4
in the appendix (Fig. 4).

Biochar’s soil effects are the biggest contributor to its
environmental effect for every impact category except cli-
mate change. The net climate change reduction was mainly
caused by the carbon sequestered in a stable form during
pyrolysis (accounted for in ‘production’). While part of this
carbon decomposes back to the atmosphere (accounted for
in ‘soil effects’), the soil effects still resulted in a net climate
change reduction. This was caused predominantly by the
biochar-induced increase in native SOC (15% of category
indicator total) and by the avoided land use change (13%)
as a result of the maize yield increase. The acidification
reduction was caused almost exclusively (90%) by biochar’s
crop yield boost, which displaced NH; emissions from maize
production elsewhere. The medium soil effect scenario
assumed no biochar-induced changes in NH; volatilization
on the studied site, but the low and high scenarios do see
a negative and positive (resp.) impact of this soil effect.
The observed reduction in eutrophication can be primar-
ily attributed to biochar’s effect on nutrient retention (41%
NO;, 7% P/PO;). Additionally, avoided impacts from bio-
char’s crop yield boost also contributed significantly (41%).
Eminently, the biggest contributor to freshwater and marine
aquatic ecotoxicity was the copper introduced to the soil

100%
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40%
20%

0%

Contribution to total category indicator result

in biochar’s structure, but also the zinc and nickel contrib-
uted significantly. On the other hand, avoided impacts from
the treatment of spoil, nickel smelter, and sulfidic tailing
as a result of biochar’s crop boost and fertilizer production
reduction reduced their category indicator results. Biochar’s
crop yield boost reduced human toxicity significantly by
avoiding land use change for agriculture, but heavy metals
present in the biochar increased human toxicity by almost
the same amount. Surprisingly, particulate matter (PM10)
emissions during pyrolysis only contributed marginally to
human toxicity (2%). As expected, land use competition
was influenced exclusively by biochar’s yield boost. Simi-
larly, photochemical oxidation was decreased by avoided
land use change from biochar’s yield boost. Biochar’s yield
boost was also responsible for the decrease in depletion of
abiotic resources (40%) along with the reduction in fertilizer
production (25%) and irrigation (5%). Stratospheric ozone
depletion was reduced by the offsetting of fertilizer produc-
tion (from biochar’s yield and nutrient retention effect).
Biochar’s increase in ferrestrial ecotoxicity was caused by
the emissions of chromium (46%), mercury (29%), arsenic
(20%), zinc (7%), and nickel (2%) contained in its struc-
ture. Finally, the reduction in water depletion resulted from
biochar’s water retention effect (80%) and its crop yield
boost offsetting irrigation elsewhere (20%). Notably, the
soil effects that were modelled as transient (N,O, CH, NOx
emissions) did not contribute significantly to any category
indicator result.

Climate change Acidification Eutrophication Freshwater Human toxicity Land use Marine aquatic Photochemical Depletion of  Stratospheric Terrestrial Water
aquatic competition ecotoxicity oxidation abiotic ozone ecotoxicity depletion
-20% ecotoxicity resources depletion
-40%
-60%
-80%
-100%
Production Preparation Soil effects

Fig.4 Contribution analysis of the biochar system, assuming the ‘medium’ soil effect scenario and a biochar application rate of 20 ton/ha
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3.2 Soil effect scenario analysis

The table below displays the results of the scenario analysis.

There is a big difference between the results of the sce-
narios in all impact categories, indicating that the soil effect
data selection is very influential on the total results of the
biochar system. The biochar system causes a net environ-
mental impact across 8 impact categories in the low scenario
and 2 in the medium scenario, but solely environmental ben-
efits in the high scenario. The results highlight the impor-
tance of selecting context-specific soil effect data.

The contribution of the yield increase can be seen by
looking at the difference between the two high scenarios.
Even though this contribution is substantial, the high sce-
nario with yield set at medium still only leads to net envi-
ronmental benefits. The yield effect shows considerable
variation across different impact categories, being particu-
larly high for land use competition but minimal for water
depletion.

3.3 Tailoring biochar to maximize its benefits

Based on the results of the LCA, the following conclusions
can be drawn to tailor biochar to maximize its environmental
benefit:

Producing biochar from biomass that is currently incin-
erated or landfilled increases its environmental benefits
significantly. To also maximize water savings, feed-
stocks with high macroporosity and low bulk densities
are ideal (e.g. trimmings consisting of small branches
and leaves).

The principal negative environmental effects of biochar
were caused by toxic compounds in the biochar that
impacted aquatic and terrestrial ecotoxicity. Adjusting
production conditions of the Kon-Tiki (by playing with the
feedstock amount and time of production) may reduce the
risks (Tisserant and Cherubini 2019). Biochars produced
at temperatures between 350 and 550 °C show higher PAH
concentrations than biochar’s produced outside this range.
The biochar that we assumed in our study (from Flesch
2020) was produced at a temperature of ~650 °C and still
contained a considerable amount of PAHs (although no
serious side effects are expected). Higher pyrolysis reac-
tion times also reduce PAH, VOC, and dioxin concentra-
tions in the biochar. Thus, letting the Kon-Tiki pyrolyze
for slightly longer than necessary can be valuable. Pyroly-
sis temperatures between 400 and 600 °C are however
optimal to maximize biochar yields and water savings.
Note that food-waste feedstocks (high chlorine content)
result in biochars with increased dioxin levels.

The environmental impacts associated with producing the
Kon-Tiki are negligible, and it results in a higher biochar
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yield compared to a conically shaped hole in the ground,
making its production worthwhile. A modified Kon-Tiki
with a grill that allows the utilization of the waste heat is
very beneficial.

To maximize water savings, it is most important to
grind biochar to the particle size that fits the type of soil.
Smaller biochar particle sizes work better in sandy soils,
and bigger particle sizes in clayey soils (Lehman et al.
2015). It is also important to quench with a minimal
amount of water, not only to reduce water use (though
quench water is negligible compared to biochar’s water
savings), but also to avoid leaching of ash minerals
(which play an important role in increasing soil CEC).
Transportation impacts of the biochar system were insig-
nificant, though we did assume small transport distances.
Previous biochar LCA studies have also concluded low
transportation impacts, even with larger transport distances
(Matustik, 2020). As such, it is not essential that biochar
production and application sites are directly adjacent.
Charging the biochar with wet fertilizer or compost (pref-
erably the one that is applied anyway) is important to
reduce PM emissions during transport and handling to
prevent high impacts on human toxicity. People who han-
dle biochar should wear masks, gloves, eye protection,
and long sleeves, and the biochar should be tightly packed
when transported.

4 Discussion

4.1 The conceptual applicability of LCA to model
(biochar’s) soil effects

There are some conceptual constraints to accurately include
the soil effects of biochar (or other amendment products for
that matter) in the LCA model.

Conventional LCA is a linear model, which means that
the environmental impacts of a system increase linearly
with the output (functional unit) of that system. Biochar’s
soil effects do not increase linearly with the amount of
biochar applied to the soil (Lehman et al. 2015). In other
words, doubling the biochar application rate does not dou-
ble the expression of its soil effects. The change in expres-
sion is different for each soil effect (Tisserant and Cherubini
2019). Therefore, it needs to be assumed that the soil effects
are expressed to a certain extent at a certain application
rate. Data regarding quantitative differences in soil effect
expression at different application rates is not available for
most soil effects at present. As a result, the same soil effect
expression may have to be assumed for different applica-
tion rates. This makes the relative contribution of biochar’s
soil effects to the entire system’s impacts entirely depend-
ent on the assumed pyrolysis yield (and thus the choice of
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carbonization technology; Kon-Tiki) and application rate.
In case we double the application rate to, e.g. 40 ton/ha, the
environmental impact of biochar production and prepara-
tion will be doubled, but the soil effect expression will not
double in reality. Non-linear LCA models are required to
fix this issue. While such models are not yet conventional,
approaches for developing them are being increasingly dis-
cussed in literature (Li et al. 2020; Pizzol et al. 2021; Qin
et al. 2021).

The time horizon (duration) of the soil effects determines
the LCA results to a large extent. Doubling the assumed
time horizon also doubles the environmental effect of the
(non-transient-) soil effects. Where some soil effects are
known to be transient (e.g. N,O emission reduction), others
have been reported to persist many years after initial biochar
application (e.g. nutrient retention) (Tisserant and Cherubini
2019). The Amazonian ‘Terra Preta’ soils are thought to be
amended with biochar thousands of years ago and are hyper-
fertile to this day (Lehmann et al. 2015). If there are soil
effects that are truly expressed for thousands of years, then
all upstream production impacts and transient soil effects are
negligible in biochar’s lifetime environmental effect. In the
present study with a time horizon of 30 years, the impact of
the transient soil effects was already minimal. The duration
of biochar’s soil effects has not been empirically studied
over very long periods of time and can currently only be
hypothesized. This time horizon uncertainty troubles a fair
comparison of biochar with other waste treatment options.
For example, processes such as brick-firing, field incinera-
tion, and even mulching have shorter-lasting environmental
effects that are easier to predict through time.

LCA is a model focussed on environmental impacts
instead of environmental benefits. Despite this, most soil
effects could still be modelled as a negative intervention
or avoided economic flow. Benefits are thereby reflected as
avoided burdens. Environmental benefits may in some cases
go further than just being avoided environmental burdens.
For example, biochar’s effect on the stimulation and diver-
sification of soil microbial communities goes further than
preventing terrestrial ecotoxicity. A biodiversity category
indicator is required here, one that does not solely meas-
ure loss of biodiversity but soil microbial biodiversity (e.g.
species density) as an absolute value that can increase or
decrease resulting from biochar application.

4.2 Potential environmental effect of biochar’s soil
effects

LCA results indicate that biochar’s soil effects have a pro-
found effect on the environment, which, across most impact
categories, overshadow the impacts of the production and
preparation phase. While the latter two have been the focus
of most previous biochar LCA studies, these results highlight

the importance of including the soil effects in the assessment.
By valorizing a ton of dry biomass, approximately 22.7 kg of
CO,-eq is sequestered each year. This is 0.68 ton of CO,-eq
over the entire 30-year time horizon. Due to differences in
functional units and the context specificity of biochar systems,
this absolute value is poorly comparable to other LCA studies.
We can, however, draw conclusions on the relative impact
of biochar’s soil effects through its entire life cycle. When
properly including biochar’s soil effects in the assessment,
their relative significance compared to the production and
preparation phase impacts is remarkably high. Previous bio-
char LCA studies that have included at least some soil effects
have made a great variety of different assumptions (Matustik
et al. 2020). Some have only included a transient effect in soil
N,O emission reductions, while others have calculated with
a significant increase in crop yield. The relative contribution
of the soil effects to the total environmental impact therefore
varies from marginal to substantial in these studies. From the
results of our scenario analysis (Fig. 5), it becomes evident
that the outcomes are indeed heavily influenced by the deci-
sions made during the data selection process.

The contribution analysis (Fig. 4) shows that biochar’s envi-
ronmental effect reaches further than the carbon sequestered in
its structure. In the climate change impact category, this carbon
sequestration accounts for 65% of biochar’s mitigation poten-
tial. The other 35% is accounted to the soil effects. In all other
impact categories, the soil effects have a substantially higher
impact than the production and preparation impacts. The soil
effects’ impact on climate change mitigation makes it interest-
ing to include (at least some) of them in carbon credit certifi-
cation methodologies. However, the current unavailability of
context-specific soil effect data makes it hard to reliably and
accurately include the soil effects, something which is impor-
tant in such stringent methodologies. With better long-term
empirical data, it will be possible to gradually start including
soil effects reliably in these methodologies.

The midpoint impact category ‘soil quality’ was not
explicitly included as this study followed the well-established
impact categories in Guinée (2002). Biochar’s effect on soil
quality was indirectly included in the study through the impact
categories acidification, terrestrial ecotoxicity, and water
depletion. It would be interesting to quantify biochar’s soil
effects through this impact category when its characterization
models have been further developed.

4.3 Relevance of including biochar’s soil effects
in the LCA

Quoting the general handbook on LCA from Guinée (2012),
the main purposes of LCA studies are:

I. Analyzing the origins of problems related to a par-
ticular product
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Fig.5 Relative category indicator results for the entire biochar system for the low-medium-high soil effect scenarios described in Table 1

II. Comparing improvement variants of a given product
III. Designing new products
IV. Choosing between a number of comparable products

There is a concern that contaminants in the source mate-
rial and substances formed during pyrolysis pose an environ-
mental risk when introduced to the soil. These substances
include polycyclic aromatic hydrocarbons (PAHs), polychlo-
rinated biphenyls (PCBs), and some heavy metals (Flesch
2020). In LCA, these interventions can be characterized, and
their environmental impact can be quantified through several
mid-point impact categories. Their environmental impact can
then be compared against biochar’s environmental benefits,
such as its effect on soil remediation, to find out if the con-
taminants pose a comparatively large problem. This works
in theory, but it is difficult to characterize high quantities of
specific contaminants in mid-point impact categories. The
toxicity-related impact categories do not adequately reflect
environmental risks of crossing individual toxin thresholds.
They are rather an aggregate quantified risk of introducing
a variety of compounds that have documented toxic effects
on the environment (Crenna et al. 2019). Additionally, mul-
tiple toxic compounds detected in biochar’s structure do not
have well-established characterization factors (a.o. PAHs,
dioxins, furans, PCBs), at least in the IPCC and CML fami-
lies. Specific compound toxicological risk evaluations as in
Flesch (2020) are currently more useful than LCA to analyze
problems related to biochar, though LCA could eventually
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become useful in quantitative comparison of compounds. The
analysis in Flesch (2020) concludes that if biochar is applied
soundly and adhering to the recommended mass thresholds,
no serious adverse effects are to be expected.

The inclusion of biochar’s soil effects in LCA quantifies
their environmental effect. This gives insight into which soil
effects are causing substantial environmental gain or harm
and which have a relatively small impact. This information
can be used when tailoring biochar: by changing biochar’s
production, treatment, and application conditions, you can
manipulate the expression of specific soil effects. For exam-
ple, if the LCA results highlight that biochar’s effect on soil
CH,-emissions significantly reduces the climate change
indicator result, it is a good idea to apply more acidic bio-
char (pH > 9), which can be produced using lower pyrolysis
temperatures (~ 350 °C). Similarly, if the addition of dioxins
to the soil proves to be a big contributor to the toxicity LCA
impact categories, biochar produced from feedstocks high in
chlorines should be avoided (e.g. food waste). Information
on the effect of biochar’s production and application condi-
tions on the expression of its soil effects is summarized in
the review of (Tisserant and Cherubini 2019). Such papers
are great for finding options to tailor biochar to maximize
certain soil effects. If the LCA goal is to tailor biochar to
maximize its environmental benefit, normalization of the
category indicator goals is required to be able to compare
soil effects that influence different impact categories. While
normalization was not done in the present study, biochar’s
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yield increase soil effect caused the most significant envi-
ronmental benefit across most impact categories. As such,
we conclude that biochar’s effect on crop yield is its most
important environmental benefit in Aguascalientes. There
is, however, contingency to this conclusion. Biochar’s effect
on crop yield only has a significant environmental benefit if
crop yield production is displaced elsewhere, i.e. if forests
are being spared because the existing cropland can now meet
the yield demand. (Ewers et al. 2009) studied this relation-
ship between agricultural yield increase and sparing of land
for nature. While there is some negative correlation between
yield per square meter and total crop land usage, the specific
effect depends greatly on the economy of the country and the
type of crops being produced. It is therefore not certain that
biochar’s increase in crop yield is always its most beneficial
soil effect. The second most important soil effect in Aguas-
calientes is biochar’s improvement of soil water retention.
This was clear before the LCA was conducted. It was not
necessary to express biochar’s effect on water savings in an
LCA impact category to know the importance of tailoring
for this benefit. This may also apply in other cases, where
specific soil issues are identified and an LCA is not required
to know what biochar’s biggest environmental benefit will
be. In these cases, the value of LCA rather lies in allowing
the comparison of biochar with other waste valorization, soil
remediation, or water-saving options.

Continuing the discussion from the previous point, we
discuss the relevance of including biochar’s soil effects in
the LCA to compare biochar with alternative products/pro-
cesses. Alternatives to biochar are a broad term and depend
on the specific goal of your project. Alternatives can be other
waste valorization options (composting, landfilling, field
incineration, brick-firing), other carbon abatement options
(direct air capture, reforestation, wetlands restoration), or
other water-saving options (mulching, cover crops, conser-
vation tillage). In each case, having the full environmental
effect of your product in scope is necessary for a fair com-
parison. Since we concluded that biochar’s soil effects may
have a substantial contribution to its total environmental
effect, it needs to be included in the comparison. This also
means that any soil effects from, e.g. mulching, cover crops,
and reforestation also need to be included in the comparison.
Like biochar, similar difficulties in data availability for LCA
inclusion are expected here. This calls for a more general
and holistic approach to include soil effects in LCA studies.
In the present study, biochar was compared with other realis-
tic waste treatment options in Aguascalientes. We found that
treating the waste to make biochar was the most beneficial
option, though we did not study mulching or composting.
Woody trimmings are not well-suited to make compost, and
mulching is a more temporary solution. The difficulty of the
temporal dimension in comparing, e.g. biochar and mulching
soil effects is discussed in the next section.

4.4 Data-related limitations of LCA to model
(biochar’s) soil effects

Limitations to accurately include many of biochar’s soil
effects in the LCA were predominantly data-related rather
than conceptual (Table 1). The available quantitative soil
effect empirical data was mostly short-term (< 1 year) and for
one or a few soil types. For several soil effects, no quantitative
empirical soil effect data could be found at all. These effects
need to be elucidated and quantified through experimental
field studies before they can be included in any LCA model.

Many soil effects have only been reported in a handful of
studies, where they were quantified in a large range of potential
impact (‘scarce’ in Table 1, e.g. soil NH;/NOx emissions). The
soil effects that have been researched more extensively (e.g.
crop yield, nutrient retention) see large variability in expres-
sion through different studies. Even soil effects for which cli-
mate- and region-specific data was available saw considerable
variability across only three soil types (Flesch 2020).

The use of controlling factors to select literature data
proved to be difficult. Since there are many controlling fac-
tors for each soil effect, all of which are solely qualitative, the
selection of the right data was mostly subjective and called
for a high amount of expertise in soil science. As soil effects
are often reported as a percentage decrease from a baseline
situation, establishing accurate baseline emissions is impor-
tant but difficult when no comprehensive datasets are availa-
ble for the studied site. Taking a consequential LCA approach
(functional unit, e.g. per kg crop produced) removes the
need to establish baseline emissions. Here, you can directly
compare all environmental effects of crop production with
and without biochar. The downside of such a consequential
approach is that you cannot compare the biochar system
with alternatives that are not other soil amendments (e.g.
waste incineration). Additionally, a consequential approach
makes it more difficult (though not impossible) to isolate the
environmental effects of biochar, since the biochar-induced
yield increase influences the functional unit. Integration of
more agriculturally oriented databases (e.g. Agribalyse) with
Ecolnvent can be a solution to allow the use of baseline emis-
sions for much more agricultural products.

Biochar soil effect data is reported in a great number of
studies across many different countries. Due to biochar’s spe-
cific expression, greatly depending on its production condi-
tions and the soil conditions it is applied to, it is very impor-
tant to know the context in order to interpret the soil effect
data. It can take a long time to find the production, treatment,
and application conditions in research papers that report soil
effect data. A biochar-soil classification system may be used
in order to standardize soil effect data reporting. Table 3 indi-
cates what such a classification system may look like. The
classification holds the most important factors that determine
biochar’s expression in the soil: the feedstock, the pyrolysis
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temperature, and the soil type corresponding to the World
Reference Base for Soil Resources (Tisserant and Cherubini
2019). For example, biochar produced from municipal organic
waste at a pyrolysis temperature of 600 °C and applied to Ver-
tisol can be classified as MOW600 x VR. Including this clas-
sification anywhere soil effect data is reported makes it much
easier to interpret the results in a meaningful way.

An enormous amount of long-term quantitative empirical
data across different soil types and crops is required to accu-
rately estimate biochar’s soil effects. It is important to assess
how accurate the soil effect data needs to be to achieve the
LCA study goal. For the goal of the present study (explora-
tive), almost any data was acceptable. For, e.g. stringent car-
bon credit certification methodologies, there are only several
soil effects for which an acceptable quantity and quality of
data is available. For most study goals discussed at the start
of the discussion, in-order of magnitude estimations are
often sufficient to gain insight. Still, several soil effects lack
quantitative data to make in-order of magnitude estimations.
Biogeochemical models have seen an increase in efficacy in
recent biochar research. These models have been suggested
as valuable tools to derive soil effect data, especially for bio-
char-induced changes in soil emissions and nutrient leaching
(Klgverpris et al. 2020). Continued development and back-
testing with empirical data should allow the use of biogeo-
chemical models to be a great tool to quantify more biochar
soil effects.

Biochar as a soil amendment seems to be in some paradox,
where almost every scientific article strongly recommends its
application, yet practical use is limited (Blenis et al. 2023).
Perhaps this occurs because the soil benefits are hidden inside
long scientific papers, inaccessible for practical actors. In
Aguascalientes, all interviewees had never heard of biochar
and were sceptical of the alleged soil benefits due to the infor-
mation only being available in abstract English papers. It is
important that scientific research results are translated to prac-
tical guidelines that explain how biochar can best be produced,
pre-treated, and applied to achieve specific soil benefits.

The discussion can be concluded by stating that biochar’s
soil effects may only be included in the LCA if (I) they do not
occur in the middle of the biochar-induced cause-effect chain
of soil interactions, (II) they are expressible as interventions
or economic flow with well-defined characterization factors,
and (IIT) there is sufficient empirical data available (though
data unavailability is not a conceptual limitation). While the
first criterion was met for almost all soil effects, the second

and third criteria were more challenging. At the current state
of life cycle impact assessment (LCIA), not all soil effects
can be included in the model with established characteri-
zation factors. Continued improvement of LCIA will allow
more soil effects (most notably the microbial biodiversity
related impacts) to be properly included in the model.

5 Conclusions

Biochar’s soil effects are often overlooked in LCA studies.
Even when they are included, the focus is narrowed to just
one or a few soil effects, without any consistent approach to
select empirical inventory data. In our exploratory LCA case
study, we conclude that biochar’s soil effects have a substan-
tial effect on the environment, which may dwarf upstream
(production and treatment) impacts. Including the soil
effects in the LCA gives valuable insights to tailor biochar
to maximize its environmental benefit, along with allowing
a fair comparison with other waste valorization and carbon
abatement alternatives. To assess the environmental effect of
specific toxins being introduced to or sequestered from the
soil by biochar application, toxicological risk evaluation is
preferred over LCA.

While most soil effects could be included in some form,
a highly accurate inclusion in LCA is hindered by several
conceptual but mostly data-related limitations. Conceptual
limitations include uncertainty of the time horizon of soil
effect expression, non-linearity of conventional LCA, miss-
ing characterization factors of interventions, and a focus on
environmental impacts rather than benefits. An enormous
amount of long-term empirical field data is required to gain
an accurate quantitative understanding of the expression of
biochar’s soil effects through time. Even with the use of
controlling factors, inventory data selection remains difficult
and partially subjective.

Despite the conceptual and data-related limitations, most
soil effects could still be modelled to get in-order of magni-
tude estimations to draw meaningful conclusions for several
LCA study goals. The goal of the LCA study and required
accuracy of the results determine how many soil effects
may currently be included. Gaining a good understanding
of the studied site proved to be very useful in determining
the allowable uncertainty in the results.

To advance the quantitative understanding of biochar’s
soil effects, biogeochemical models can play a useful role

Table 3 Biochar-soil
classification system

Anthrosol Vertisol Arenosol
Municipal organic waste, 400 °C MOW400 x AS MOW400 x VR MOW400 x AR
Municipal organic waste, 600 °C MOWG600 x AS MOW600 x VR MOW600 x AR
Wood trimmings, 400 °C WTS400 x AS WTS400 x VR WTS400 x AR
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to avoid the need for long-term empirical studies. A model The essence of research lies in its ability to translate dis-
is only as good as its assumptions, so it is important that  coveries into meaningful action. While biochar’s soil effects
at least the first years of the model are compared with ~ have seen incredible attention in academic literature across
empirical data. Integration of LCA inventory databases  many different countries, feedstocks, and soil types, it is time
would be useful for any LCA study, in our case especially  to gather, structure, and classify the data to make it acces-
by linking agricultural databases with Ecolnvent. sible for practical use by farmers.
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Table 5 Absolute category indicator results of the biochar system in
the medium soil effect scenario (per year for one ton organic waste

utilized)

Impact categories Value Unit

Climate change —2.27E+01 kg CO,-Eq
Acidification —1.11E-01 kg SO,-Eq
Eutrophication —5.97E-02 kg PO,-Eq
Freshwater aquatic ecotoxicity 1.90E-01 kg 1.4-DCB-Eq
Human toxicity —4.28E+00 kg 1.4-DCB-Eq
Land use competition —5.92E+00 mPa (area time)
Marine aquatic ecotoxicity —2.22E+03 kg 1.4-DCB-Eq
Photochemical oxidation —9.40E-04 kg ethylene-Eq
Depletion of abiotic resources —1.15E-02 kg antimony-Eq
Stratospheric ozone depletion —6.10E-08 kg CFC-11-Eq
Terrestrial ecotoxicity 1.02E+00 kg 1.4-DCB-Eq
Water depletion —3.26E+00 m® water

Table 6 Absolute category indicator results of the incineration sys-
tem (per year for one ton organic waste utilized)

Table 7 Absolute category indicator results of the brick-firing system
(per year for one ton organic waste utilized)

Impact categories Value Unit

Climate change —441E+01 kg CO,-Eq
Acidification 9.78E-02 kg SO,-Eq
Eutrophication 1.45E-02 kg PO,-Eq
Freshwater aquatic ecotoxicity —1.54E+00 kg 1.4-DCB-Eq
Human toxicity 3.43E+00 kg 1.4-DCB-Eq
Land use competition —1.01E-01 m?a (area time)
Marine aquatic ecotoxicity —7.54E+03 kg 1.4-DCB-Eq
Photochemical oxidation 4.56E-02 kg ethylene-Eq
Depletion of abiotic resources —4.17E-01 kg antimony-Eq
Stratospheric ozone depletion —6.66E-06 kg CFC-11-Eq
Terrestrial ecotoxicity 1.63E-03 kg 1.4-DCB-Eq
Water depletion —8.74E-03 m?® water

Table 8 Absolute category indicator results of the landfilling system
(per year for one ton organic waste utilized)

Impact categories Value Unit Impact categories Value Unit

Climate change 7.08E+00 kg CO,-Eq Climate change 2.71E+00 kg CO,-Eq
Acidification 1.40E-01 kg SO,-Eq Acidification 3.31E-03 kg SO,-Eq
Eutrophication 2.30E-02 kg PO,-Eq Eutrophication 1.47E-03 kg PO,-Eq
Freshwater aquatic ecotoxicity 2.27E-01 kg 1.4-DCB-Eq Freshwater aquatic ecotoxicity 4.04E-01 kg 1.4-DCB-Eq
Human toxicity 1.31E+401 kg 1.4-DCB-Eq Human toxicity 4.35E-01 kg 1.4-DCB-Eq
Land use competition 0.00E+00 m?a (area time) Land use competition 1.66E-01 m?a (area time)
Marine aquatic ecotoxicity 4.93E-02 kg 1.4-DCB-Eq Marine aquatic ecotoxicity 5.62E+02 kg 1.4-DCB-Eq
Photochemical oxidation 5.03E-02 kg ethylene-Eq Photochemical oxidation 5.99E-04 kg ethylene-Eq
Depletion of abiotic resources 0.00E +00 kg antimony-Eq Depletion of abiotic resources 5.20E-03 kg antimony-Eq
Stratospheric ozone depletion 0.00E+00 kg CFC-11-Eq Stratospheric ozone depletion 1.15E-07 kg CFC-11-Eq
Terrestrial ecotoxicity 2.29E-02 kg 1.4-DCB-Eq Terrestrial ecotoxicity 1.12E-02 kg 1.4-DCB-Eq
Water depletion 0.00E+00 m?® water Water depletion 1.25E-03 m? water
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Table 9 Absolute category indicator results of the four soil effect scenarios of the biochar system (per year for one ton organic waste utilized)

Impact categories Low Med High High (yield=med) Unit

Climate change —9.25E+00 —227E+01 —6.14E+01 —3.99E+01 kg CO,-Eq
Acidification 2.27E-02 —1.11E-01 —8.48E-01 —4.13E-01 kg SO,-Eq
Eutrophication —4.89E-03 —5.97E-02 —2.92E-01 —1.77E-01 kg PO,-Eq
Freshwater aquatic ecotoxicity 1.10E+02 1.90E-01 —5.71E+00 —4.19E+00 kg 1.4-DCB-Eq
Human toxicity 3.82E+02 —4.28E+400 —4.76E+01 —1.86E+01 kg 1.4-DCB-Eq
Land use competition —5.23E-02 —-5.92E+00 —2.94E+01 —6.33E+00 m?a (area time)
Marine aquatic ecotoxicity 2.76E+04 —2.22E+03 —1.45E+04 —1.04E+04 kg 1.4-DCB-Eq
Photochemical oxidation 1.66E-03 —9.40E-04 —1.18E-02 —2.43E-03 kg ethylene-Eq
Depletion of abiotic resources 4.77E-04 —1.15E-02 —7.30E-02 —4.81E-02 kg antimony-Eq
Stratospheric ozone depletion 7.91E-08 —6.10E-08 —9.21E-07 —5.76E-07 kg CFC-11-Eq
Terrestrial ecotoxicity 1.09E+02 1.02E+00 —1.43E4+00 —1.19E+00 kg 1.4-DCB-Eq
Water depletion —1.87E+00 —3.26E+00 —4.56E+00 —4.57TE+00 m> water
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