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Abstract: Biochar has been lauded for its potential to mitigate climate change, increase crop yields
and reverse land degradation in tropical agricultural systems. Despite its benefits, confusion persists
about whether the use of biochar is financially feasible as a soil ameliorant. A comprehensive review
of previous studies of biochar’s financial feasibility was performed (33 relevant publications).
Financial performance appraisal (US$ Mg biochar) and greenhouse gas abatement cost estimates
(US$ Mg! COze) were used to gauge the financial feasibility of the biochar scenarios within each
publication. Ordinary Least Squares Multiple Linear Regression was used to evaluate the predictive

capacity of scenario financial feasibility as dependent on variables including national income levels,
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climatic conditions, pyrolysis technology scales and pyrolysis capabilities. Analysis revealed that
scenarios where biochar was applied targeting yield increases in high-value crops in tropical locations
with low incomes and biochar-focused small-scale production, were overall significant predictors of
biochar scenario financial feasibility. We find that the average abatement cost of biochar applied in
‘lower-income countries’ is -US$58 Mg CO.e (financially feasible) compared with +US$93 Mg™!
COgze in ‘higher-income countries’ (not financially feasible). Climate policies of lower-income
countries in tropical climates should consider biochar as an input for small-scale climate smart
agriculture to address land degradation in tropical agricultural systems. Based on recent evidence it is
suggested that biochar fertilizers, a value-added biochar product, could present a commercially

feasible pathway for biochar value-chain development in higher-income countries.

1. Introduction

Biochar is the carbonaceous residue resulting from pyrolysis that is applied to soil (Sohi, Krull,
Lopez-Capel, & Bol, 2010). Biochar has been observed to enhance crop yields (Jeffrey, Verheijen,
van der Velde, & Bastos, 2011), reduce soil-related greenhouse gas emissions (Cayuela et al., 2014;
Jeffery, Verheijen, Kammann, & Abalos, 2016) and improve crop productivity and soil function
particularly in weathered and acidic soils in humid climates (Crane-Droesch, Abiven, Jeffrey, & Torn,

2013).

The loss of soil organic matter is a major driver of soil and land degradation in tropical agricultural
systems (Ayuke et al., 2011). The long-term chemical stability of biochar is resistant to weathering,
making it amenable to tropical conditions (Lehmann, Gaunt, & Rondon, 2006). Meta-analyses of field
trials have indicated that positive results are more likely for biochar applications in soils in the humid

tropics with low pH, soil carbon and cation exchange capacity (Jeffery et al., 2017). This is also
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shown in the results of recent long-term field trials in tropical soils where multiple years of yield gains
in cereal crops have been observed (Cornelissen et al., 2018; Pandit et al., 2018). Average biochar
yields effect in temperate soils exhibit no yield effect, though there is significant variance in

temperate soil field trial results (Jeffery et al., 2017).

Biochar’s chemically recalcitrant quality gives it a capacity to sequester carbon and play a role in
climate change mitigation (McGlashan, Shah, Caldecott, & Workman, 2012). Estimates made by
Lehmann et al. (2006) suggested that biochar had the technical potential to sequester 5.5-9.5Pg Cy
! globally by 2100 where projected energy demand was supplied through pyrolysis systems. Woolf,
Amonette, Street-Perrott, Lehmann, and Joseph (2010) estimates a lower sustainable maximum
technical potential of 1.8 Pg C y! where pyrolysis is only deployed in circumstances where it does not

adversely affect food security, natural habitat or soil conservation.

Early studies of biochar’s costs and benefits have concluded that biochar is unlikely to be financially
feasible in consideration of agronomic performance alone due to the costs of production greatly
exceeding benefits (Bach, Wilske, & Breuer, 2016). ‘Financially feasible’ refers to any biochar use
scenario(s) that results in a positive net present value as deduced from a cost benefit analysis
(Boardman, Greenberg, Vining, & Weimer, 2017), including revenues associated with coproduction
unless otherwise specified. ‘Coproduction’ refers to pyrolysis units with the capacity to generate
outputs other than biochar such as liquids (bio-oil, biodiesel, pyroligneous acid), gases (syngas) or
energy (bioenergy). ‘Agronomic effects’, ‘agronomic benefits’ or ‘agronomic performance’ as used in
this paper refers to biochar’s influence on crop yield gain, fertilizer cost savings through improved
application efficiency and agricultural lime cost savings through liming-effect benefits and does not

include revenues associated with coproduction.
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These early studies published prior to 2013 focused on higher-income countries; temperate climates,
capital intensive large-scale centralized pyrolysis units and cereal crops. Several publications covering
higher-income countries assumed that no yield gain value was being created by the biochar product
(Brown, Wright, & Brown, 2011; Bushell, 2018; Field, Keske, Birch, Defoort, & Cotrufo, 2013;
Granatstein et al., 2009; Kulyk, 2012; Roberts, Gloy, Joseph, Scott, & Lehmann, 2010; Shackley,
Hammond, Gaunt, & Ibarrola, 2011) with value being derived from coproducts or alternative revenue
streams such as bioenergy and biofuel (Roberts et al., 2010), carbon pricing (Kulyk, 2012) or avoided
waste disposal fees (Shackley et al., 2011). Some authors have suggested that biochar financial
feasibility, and hence abatement cost, should be benchmarked against Bioenergy Carbon Capture and
Storage cost for any feasibility analysis to be practically meaningful (Fidel et al., 2017), yet this
benchmark itself is highly questionable with regards to social acceptance, technical viability and

financial feasibility (Fridahl & Lehtveer, 2018).

Studies published after 2013 demonstrated financially feasible results in cases considering biochar
scenarios that were located in tropical climates and in lower-income countries (Fru, Angwafo,
Ajebesone, Precillia, & Ngome, 2018; Joseph, Anh, Clare, & Shackley, 2015; Mekuria et al., 2013;
Mohammadi et al., 2017; Pandit et al., 2018) reflecting meta-analyses that indicated that biochar’s
crop yield effects are substantially greater in tropical soils relative to temperate soils (Crane-Droesch
et al., 2013; Jeffery et al., 2017). These scenarios appraised decentralized small-scale pyrolysis units,

with a daily feedstock throughput capacity between 0 and 2 Mg.

More recently banded biochar applications (Blackwell, Krull, Butler, Herbert, & Solaiman, 2010;

Shackley, Clare, Joseph, McCarl, & Schmidt, 2015) and biochar fertilizers (Zheng et al., 2017) have
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demonstrated high biochar yield spreads (percentage crop yield growth per hectare per metric ton of
biochar), and alternative biochar uses, such as for use as cattle feed have also exhibited cases of

financial feasibility (Joseph, Pow, et al., 2015).

Previous studies have examined the factors that most influence biochar profitability. Shackley et al.
(2015) argued that the capacity of biochar to increase revenues (e.g. by increasing yields and crop
quality) and reduce farming costs (e.g. reduce requirements for other costlier inputs such as fertilizer
and agricultural lime) were the most important determinants of biochar’s financial feasibility. Biochar
products that demonstrate these capacities over multiple years perform better financially, as do
pyrolysis technologies that include the production and sale of coproducts such as bio-oil and syngas
(Shackley et al., 2015). Biochar can also be sold at a negligible price when it is a byproduct of
pyrolysis processes whose profitability can rely on energy production, liquid fuel production, waste
management or nutrient recycling (Marousek, Vochozka, Plachy, & Zak, 2017; Robb & Joseph,

2019).

Biochar has the capacity to play an important role in the sustainable intensification (SI) of agriculture.
Sl is an intervention in traditional agricultural systems where financial value and production outputs
are increased while positive environmental outcomes are maintained or enhanced (Pretty, 2018). SI is
central to the UN Sustainable Development Goals (UN, 2017). For the benefits of SI concepts to be
more widely realized, Pretty et al. (2018) argue that SI interventions like biochar must also be
financially feasible. But despite many studies, confusion persists over whether biochar can be
financially feasible. Is it correct to say, as Bach et al. (2016) do, that the vast majority of biochar

applications to low value crops will never be financially feasible if only yield gains are considered? In
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this paper we address this question in performing a review of previous studies to systematically

identify the factors that influence the financial feasibility of biochar.

2. Methods

2.1 Systematic Review

A systematic review of papers was performed following the methodology of Pickering and Byrne
(2014). The review was finalized on the 30™ of October 2018, with papers published after this time
not considered. First, various online databases including Google Scholar, Scopus, the Web of Science
and Crossref were searched using keyword combinations of ‘biochar’ and ‘cost benefit analysis’,
‘economic’ and ‘life cycle analysis’. After considering whether the publications assessed the financial
feasibility of biochar where applied to soil, 33 results were found to be relevant (Aller et al., 2018;
Blackwell et al., 2010; Brown et al., 2011; Bushell, 2018; Clare et al., 2015; Dickinson et al., 2015;
Field et al., 2013; Fru et al., 2018; Galinato, Yoder, & Granatstein, 2011; Granatstein et al., 2009;
Harsono et al., 2013; Joseph, Anh, et al., 2015; Kulyk, 2012; Kumar et al., 2018; Kung, McCarl, &
Cao, 2013; Li et al., 2015; McCarl, Peacocke, Chrisman, Kung, & Sands, 2009; Mekuria et al., 2013;
Mohammadi et al., 2017; Pandit et al., 2018; Radlein & Bouchard, 2009; Robb & Dargusch, 2018;
Roberts et al., 2010; Shackley et al., 2012; Shackley et al., 2015; Shackley et al., 2011; Sparrevik,
Lindhjem, Andria, Fet, & Cornelissen, 2014; Steiner et al., 2018; Widiastuti, 2016; Widowati &
Asnah, 2014; Wrobel-Tobiszewska, Boersma, Sargison, Adams, & Jarick, 2015; Zheng et al., 2017),
consisting of 26 papers in peer reviewed journals, two grey literature reports, three book chapters and
two postgraduate theses. These included publications such as Shackley et al. (2011) that did not
consider any agronomic benefits in their biochar application scenarios, but considered avoided waste

disposal fees and coproduction revenues (biofuels, bioenergy).
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Revenue stream data that was collected from each publication consisted of increased crop yields and
revenues associated with coproduction including sales of biofuel or bioenergy. Cost savings included
fertilizer savings, agricultural lime savings, transport cost savings and avoided waste disposal fees.
Revenues from carbon pricing or similar environmental schemes were deducted to enable comparison

across scenarios. Carbon pricing was subsequently applied to test for sensitivity.

Distinct scenarios within publications were included where the following criteria were met:
@) the biochar product valuation incorporates application to soil (and was not combusted for
energy, for example),
(ii) there were multiple crops considered;
(iii)  there were multiple technology scenarios considered (e.g. fast / slow pyrolysis, as in
Kung et al. (2013));
@iv) there were multiple feedstocks considered (e.g. Shackley et al. (2011));

V) there were multiple locations considered (e.g. Dickinson et al. (2015)).

We did not include distinct scenarios where:

@) there were multiple carbon prices;

(i1) there were multiple application rates (e.g. Pandit et al. (2018)), in this circumstance, the
application rate with the highest financial feasibility was selected, assuming the user
would not pursue a less profitable option);

(i11) there were different local climatic scenarios such as low or high rainfall, or there are
different scenarios considering persistence of agronomic effects, in which case a mean

value was calculated (e.g. Blackwell et al. (2010)).
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Some publications indicated biochar market prices via surveys (Galgani, van der Voet, & Korevaar,
2014; Ji, Cheng, Nayak, & Pan, 2018; Ng et al., 2017; You, Tong, Armin-Hoiland, Tong, & Wang,
2017; Zhang et al., 2017) or adopted market consumer prices without sources (Liu, Liu, Yousaf, &
Abbas, 2018). These publications did not consider how biochar may have provided value to the user.
For that reason, those papers were not included in our analysis. In some cases where the biochar
financial feasibility assessment includes both assumed market prices and justified revenue streams
such as fertilizer saving, the justified portion has been included, as in Harsono et al. (2013) and
Wrobel-Tobiszewska et al. (2015). Other publications required additional assumptions to enable

calculation of indicators, such as Steiner et al. (2018), which considers lettuce farming in Ghana.

2.2 Financial Feasibility Indicators

Within each scenario we calculated three simple indicators of biochar project value creation, (1) net
biochar value (US$ Mg™1), (2) net agronomic biochar value (US$ Mg™!) and (3) abatement cost (AC)
(US$ Mg! COze). Net biochar value (V) is the net present value of the project divided amongst the
tonnage of biochar produced over the project lifetime. This metric considers the total value of the

project, including both biochar agronomic value and revenues from coproducts (bio-oil, bioenergy,

syngas).

T Rt 1 _Ct
_ 2:0(1+i)’5 Z°(1+i)t 1
= et (M

Here ‘Q’ is defined as the metric tons of biochar produced over the project’s lifetime (Mg), ‘R are all
the revenues associated with the project at time ‘t’, excluding revenues from carbon taxes, ‘C;” are all
the costs associated with the project (operating costs, fixed costs, financial costs). Where feedstock is
associated with an avoided cost (e.g. gate fees) this is treated as a negative cost. ‘T’ is the project life

in years, where 0 <t <T.

This article is protected by copyright. All rights reserved.



A second indicator, V., is the net agronomic value of biochar (US$ Mg™!), where only revenues
associated with the biochar product (e.g. crop yield gain, fertilizer saving, agricultural lime
displacement) are considered. This gives an indication of the financial value of the biochar from the

user’s perspective.

T Rbc,t _vT Cbc,t
Z°(1+i)f z:0(1+i)f o)
Zhs st @

Ve =
Ry are all the revenues associated with biochar agronomic value in a given year ‘t’, where Ry, is

always less than or equal to R;.

Cash flows were discounted at the rate applied in each publication, assuming that the rate adopted by
each author is appropriate in each given circumstance (Table S1). In the majority of studies, the
details of cash flows were not provided, and so a discount rate sensitivity analysis could not be
performed, and discount rates could not be changed. However, as discussed in the results, the average
of discount rates for scenarios that were not financially feasible was lower (7.27%) than the average
for financially feasible scenarios (8.26%). No statistically significantly difference was found between
means (p=0.104) and so there is no evidence to suggest that financial feasibility was due to more

favorable (lower) discount rates.

Where Vi, was equal to V, the project had no coproducts such as bioenergy or biofuel and is a biochar
focused project. Where valuations were performed in different currencies, cash flows have been
converted to US dollars at the time of the assessment, unless a specific exchange rate was stated.
Where ‘V’ or Vi’ was greater than zero, each metric ton of biochar created financial value for the
user, and we defined and referred to such scenarios as being financially feasible. Where ‘V’ or ‘Vy’ is

equal to zero, the project is at breakeven point from the user’s perspective. Breakeven point (BEP) in
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this paper is defined as being the sum of all discounted costs including costs of feedstock, production,

transport and application.

2.3 Abatement Cost
The third indicator is the abatement cost (AC). AC measures the average financial cost of reducing

one unit of pollution (namely one metric ton of greenhouse gas) in a given scenario.

AC = —Cl 3)

Carbon abatement ‘C’ was calculated by contrasting the footprint of the baseline activity with the
footprint of the biochar scenario. In following the ISO14040 (2006) guidelines, activities within the
boundaries of the calculation consisted of biomass collection, pyrolysis and biochar soil application,
excluding upstream land use change and downstream crop processing. The baseline was either
mineralization through natural biomass decomposition or emissions from biomass burning as
specified in each scenario. Where scenarios calculated reduced soil greenhouse gas emissions or
avoided nitrification from saved fertilizer, this was included, otherwise it was assumed that these
emissions were zero. The majority of abatement was achieved through the sequestration of organic
carbon contained in the biochar itself, calculated as biochar organic carbon content ‘C’ remaining
after 100 years multiplied by the ratio between carbon dioxide and carbon. Where the biochar
decomposition rate was not considered by the authors, physical persistence of carbon was assumed to
decay in accordance with the two pool model outlined in the meta-analysis of biochars by Wang,
Xiong, and Kuzyakov (2016). Emissions abatement associated with coproducts displacing fossil fuels
(biofuels, bioenergy) were included. Treatment of each scenario is outlined in supplementary

materials (Table S2).

2.4 Scenario variables
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Six variables were considered as determinants of biochar financial feasibility. These were pyrolysis
feedstock throughput scale, pyrolysis coproduction capability, climate, income levels, consideration

of crop yield effect and crop value.

Scenarios were separated into quartiles of pyrolysis feedstock throughput scale as ‘small’ (0 to 2 Mg
per day), ‘medium small’ (2 to 44 Mg per day), ‘medium large’ (44 to 192 Mg per day) and ‘large’

(192 to 2000 Mg per day).

‘Yield spread’ or ‘biochar yield spread’ was defined as the crop yield growth (% ha™) attributable to a
single metric ton of biochar. For example, a biochar that improves crop yields by 10% with a 3 Mg ha’

!application has a biochar yield spread of 3.33%.

‘Lower-income’ and ‘higher-income’ countries were defined according to the World Bank
classification of income level (Fantom & Serajuddin, 2016). This classification assigns economies
into four income groups by Gross National Income per capita. As of July 2018, these thresholds are
high (> US$12,055), upper-middle (US$3,896-12,055), lower-middle (US$996 — US$3895) and low
(< US$995). In this paper, ‘lower-income’ refers to the two lower classes, whereas ‘higher-income’

refers to the two higher classes.

2.5 Ordinary Least Squares linear regression

Ordinary Linear Squares linear regression (OLS) of these variables was performed to evaluate the
predictive capacity of determinants for both total biochar financial feasibility (V) and biochar
agronomic net value (V).

y = bO + b1x1 x2 + b2x3 + b3x4 + b4X5 (4)
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Where ‘y’ is a the dependent variable (V or Vi), ‘b’ is an intercept; ‘bi’, ‘by’, ‘bs” and ‘b4’ are model
parameters resulting from regression; ‘x1’ is an indicator variable of climate (0 = temperate, 1 =
subtropical & tropical ), ‘x’is an indicator variable of Income (0 = high / medium high, 1 = medium
low /low), ‘x3’ is an indicator variable of yield focus (0 = yield exclusion, 1 = yield inclusion), ‘x4’ is
a continuous variable of technology scale (Mg per day of feedstock throughput), ‘xs’ is an indicator

variable of co-production capability (1 = co-production, 0 = biochar focused).

Due to the high correlation (81%) between climate (tropical / temperate latitudes) and income levels
(GNI per capita), a new indicator variable was created from both the climate and the income level to
avoid multicollinearity. The product of these variables (‘x1x>”) created an indicator variable of both
climate and income level (1 = Medium Low / Low income and Subtropical & Tropical climate, 0 =

High / Medium High or Temperate climate).

A Variance Influence Factor (VIF) was calculated following this to check for multicollinearity. All

variables were tested for normality using the Kolmogorov-Smirnov test.

3. Results

Twenty-seven of 70 scenarios were financially feasible in terms of biochar net value (V > 0).
Nineteen of the twenty-three feasible scenarios were feasible due to biochar agronomic net value
(Vue>0). Biochar scenarios were on average across all scenarios not financially feasible (US-$181.4
Mg "), implying an average abatement cost (AC) of US$73 Mg CO,e. Average biochar agronomic

value creation, including crop yield gains, nutrient saving and liming, was US$144 Mg (Table 1).
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Table 1. Summary results of systematic review. Ranges (+) are one standard error. Bc — Biochar. AC

— Abatement cost.

The average breakeven point was US$433 Mg, close to the general biochar cost of US$400 Mg
suggested by Bach et al. (2016). Average feedstock and transport costs were US$31 Mg and US$47
Mg ! respectively. Median daily feedstock throughput was 44 Mg day’!, ranging from 1 kg day' for
biochar cook-stoves in Vietnam (Joseph, Anh, et al., 2015) to 2,000 Mg day! for a large-scale biochar

and bioenergy coproduction plant in the USA (Brown et al., 2011).

Discount rates were on average 7.6 + 2.3%, with financially feasible scenarios exhibiting a higher
average rate (8.26%) than infeasible scenarios (7.27%), with no statistically significant difference

between the means (p = 0.104).

Of the ten scenarios where coproduction was a determining factor of biochar feasibility, six were from
Shackley et al. (2011) where an avoided waste disposal fee as well as bioenergy coproduction made
the projects financially feasible (agronomic benefits were not considered). Granatstein et al. (2009)
and Shackley et al. (2015) relied on bio-oil coproduction to attain scenario profitability. The
financially feasible scenarios that rely on yield gains were found in Fru et al. (2018), Joseph, Anh, et
al. (2015), Kumar et al. (2018), Li et al. (2015), Mekuria et al. (2013), Mohammadi et al. (2017),
Pandit et al. (2018), two scenarios from Robb and Dargusch (2018), Shackley et al. (2012), Sparrevik
et al. (2014), Steiner et al. (2018), Widiastuti (2016), Widowati and Asnah (2014) and Zheng et al.

(2017).
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There were several commonalities amongst the 19 scenarios where biochar financial feasibility
depended on agronomic effects. Sixteen of the 19 scenarios were located in low or lower-middle
income countries, with the exception of Li et al. (2015), Zheng et al. (2017) and Kumar et al. (2018).
All such scenarios were in tropical (14) or subtropical (4) locations with the exception of Zheng et al.
(2017). Four scenarios considered coproduction technologies, namely cook-stoves (Joseph, Anh, et
al., 2015; Mohammadi et al., 2017) and a Rice Husk Gasifier (Shackley et al., 2012). When the
scenarios were aggregated based on these common points, several scenario characteristics emerged as

being indicative of financial feasibility (Table 2)
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Table 2. Review characteristic averages in order of lowest cost abatement
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The confluence of these determinants of biochar value was confirmed through correlation between
key variables outlined in Table 3. For example, where a biochar project has been evaluated in a
tropical climate as an indicator variable, this was correlated with lower-income levels in the country
of application (82.3%), incorporation of agronomic yield effect in valuation (73.2%), and a tendency
to target higher value crops for biochar application (39.3%). Similarly, there was a negative

correlation between pyrolysis technology scale and tropical climate (-34.1%).

OLS regression (Fig. 1) resulted in a predictive model that fitted data better than a model with no
independent variables significant to p < 1% (V: F =5.41, p =3.28e-04; Vi: F = 8.44, p = 3.55e-06),
however none of the independent variables were themselves significant predictors (Table 4, Table S3,
Table S4). The OLS regression accurately determined whether scenarios were or were not financially
feasible in 78.57% of cases in predicting V, and 88.57% of scenarios predicting V... Kolmogorov-
Smirnov tests of variables indicated normality and the variance influence factor was not suggestive of

significant multicollinearity.

Table 3. Correlation between scenario variables. Climate (0 = Te — Temperate , 1 = S — Subtropical,
Tr — Tropical), Yield (°Y’ - yield inclusion, ‘NY’ - no yield inclusion. Y = 1, NY = 0), Crop Value
(‘No Crop’ - no crop is considered in the valuation, ‘Cereal’ - a cereal crop is the target, ‘Other’ —a
higher value crop is the target. 0 = No Crop / Cereal, 1 = Other) and Technology Scale (the daily
maximum feedstock throughput capacity in metric tons). Income (Gross National Income per capita
as defined in Fantom and Serajuddin (2016), as ‘H’ - High, ‘MH’ - Medium High, ‘ML’ - Medium

Low, and ‘L’ —Low.0=H/MH, 1 =ML/L)
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Typically, financially feasible biochar scenarios included those that had small-scale labor-intensive
models of biochar focused production in tropical latitudes with lower-income levels. However, Table
3 also indicated that coproduction capacity and technology scale had weak correlative relationships to
overall value, suggesting that larger-scale centralized pyrolysis units may be financially feasible if
utilized in lower-income countries, conditional on feedstock availability and access to relevant energy
infrastructure. This is reflected in the OLS regression, where both technology scale and coproduction

had the lowest predictive significance as components of the model (Table 4).

Table 4. Coefficients and P-values of OLS regression variables

Figure 1. Predicted and Actual biochar scenario values using OLS Linear Regression model. LHS is
the fitted model for ‘V’, RHS is the fitted model for ‘Vi.’. Both predictive models were significant
(p<1%), but none of the independent variables were found to be statistically significant as components

of the model (Table 4).

Similarly, a significant correlation to biochar’s value to the user was the value of the target crop,
which indicated opportunities for biochar applied in pursuit of agronomic benefit in higher value
crops in higher-income countries. Kumar et al. (2018) exemplifies such an opportunity as it
considered a high-income country (Israel) and a high value crop (sweet pepper). The performance of
this biochar was modest (1.35% yield spread), yet the high value of the sweet pepper augmented

financial feasibility.

Zheng et al. (2017) was the exceptional case in several respects. The study considered a biochar

fertilizer produced from wheat straw, applied at a low rate of 0.45 Mg ha!, substituting a slow release
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fertilizer. It was the only financially feasible case considering yield gain alone that was in a temperate
climate with a higher-income level. It targeted wheat, a low-value cereal, and had a centralized
pyrolysis unit (a vertical kiln with a 2 Mg per day feedstock throughput). Despite these characteristics
that would appear to be impediments, biochar net agronomic value was found to be US$651 Mg'.
This was a result of high crop yield effects relative to the low biochar application rate, achieving a
biochar yield spread of 23.8%. This result and other similar studies (Farrar et al., 2019; Qian et al.,
2014; Qiao, Fu, Zheng, Li, & Pan, 2014; Yao et al., 2015) indicate that biochar fertilizers may prove a
profitable pathway for application of biochar in broadacre cereal agriculture in higher-income

countries (Joseph et al., 2013).

3.1 Temperate or tropical climate

Tropical conditions were associated with average biochar net values that exceeded the averages from
subtropical and temperate climates (Fig. 2, Table 2) (p < 0.05). Yield spreads in tropical scenarios
were found to be 2.71% on average, which was greater than the average of temperate yield spreads of

0.73% (p < 0.05).

Figure 2. (A) Boxplot of Biochar Net Agronomic Value (Vi) by climatic condition of scenario
location, and (B) a boxplot of biochar yield spreads assumed in tropical / temperate scenarios

(percentage crop yield increase per hectare per metric ton of biochar).

This result is consistent with a recent meta-analysis by Jeffery et al. (2017) which reported that
tropical soils exhibited an average 25% yield gain with a median 15 Mg ha™! application, equivalent to
a yield spread of 1.66% Mg biochar, while temperate soils in general appeared to have no response

to biochar on average. A similar result was observed in Crane-Droesch et al. (2013).
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An example of this is the contrast between McCarl et al. (2009); a study from the US, and Sparrevik
et al. (2014); a study from Indonesia. In Sparrevik et al. (2014), all value was derived from maize
yield gain, and net biochar value (V) was US$173 Mg!. The pyrolysis unit (Adam retort) was
capable of processing 670 kg of feedstock per day, and the feedstock (Cocoa shell) was free, yet

farmers had to collect and centralize the biomass.

In the fast pyrolysis scenario from McCarl et al. (2009), value from biochar yield gain was US$13
Mg, value from coproduction was US$667 Mg and total value of revenues was US$680 Mg™!. The
coproduction (bioenergy) facility processed 192 Mg of feedstock per day, and the cost per metric ton
of feedstock was US$59. In aggregate, costs totaled US$999 Mg™! (BEP) and hence net biochar value
(V) was an unprofitable -US$319 Mg™'. The temperate / tropical dichotomy was also demonstrated in
Dickinson et al. (2015), where in a Sub Saharan Africa scenario both production costs were lower and

agronomic revenues more than twice the North Western Europe scenario.

3.2 Lower-income and higher-income

As previously outlined, the World Bank classifies relative income levels of countries and regions by
GNI per capita (Fantom & Serajuddin, 2016). In classifying the scenarios amongst the four categories
of income, and then further aggregating into higher-income and lower-income, we found that 50
scenarios were performed in higher-income countries, and 20 scenarios in lower-income countries. As
to be expected, the contrast between lower-income and higher-income countries was substantial. In
higher-income countries, average feedstock costs of US$45 Mg and transport costs of US$62 Mg™!
were greater by an order of magnitude in contrast to low-income countries, and much higher average

feedstock throughput in excess of 304 Mg per day. In the two low-income scenarios (Dickinson et al.,
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2015; Pandit et al., 2018) average feedstock throughput was 70kg day™!, with average feedstock and

transport costs near zero.

Figure 3. (A) Boxplot of biochar net value (V). ‘Higher GNI’ constituting countries with high and
medium-high GNI per capita, ‘Lower GNI” constituting countries with low and medium-low GNI per
capita. (B) Boxplot of biochar net value (V) by pyrolysis technology scale. Pyrolysis scale quartiles
are defined by daily feedstock throughput as ‘S’ - small (0.8kg to 2 Mg), ‘MS’ - medium small (2 to
44 Mg), ‘ML’ medium large (44 to 192 Mg) and ‘L’ - large (192 to 2000 Mg). (C) Boxplot of biochar
net value (V) by technology capability (with or without coproduction capability). (D) Boxplot of
biochar net value (V) by crop yield inclusion or exclusion (no yield) in valuation. (E) Boxplot of
biochar net value (V) by value of crop, and by crop yield inclusion / exclusion (other) in valuation.
‘No crop’ are scenarios where no target crop has been specified, ‘Cereals’ are cereal crops, ‘Non-
cereal crops’ are scenarios that target higher value crops.

The average net value creation (V) was substantially higher in low-income and low-middle income
countries (Fig. 3A). This was likely a result of the low breakeven point of biochar projects in lower
and lower-middle income bracket countries. However, this was also in part due to the tendency of
valuations in higher-income countries to exclude revenues associated with yield gain.

Biochar yield gain revenues would also be expected to be higher in lower-income countries, as these
scenarios (Indonesia, Vietnam, Nepal, Sub-Saharan Africa) are mostly in tropical and subtropical
regions, where biochar’s performance is generally higher than that of temperate latitudes (Jeffery et
al., 2017). Tropical and subtropical lower-income countries such as Indonesia and Vietnam appear to

exhibit a confluence of favorable conditions for biochar application for agronomic benefit.

3.3 Scale of pyrolysis
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Small-scale pyrolysis technologies had an average cost advantage over medium and large-scale
facilities (fig. 3B). The average net biochar value (V) for the smallest quartile of scenarios was
US$141 Mg implying a negative AC of -US$63 Mg! CO.e whereas the largest quartile resulted in
an average net biochar value of -US$282 Mg, implying a high AC of US$102 Mg! COse. Examples
of the smaller-scale technologies used in financially feasible scenarios included biochar cook stoves
(Joseph, Anh, et al., 2015; Mohammadi et al., 2017), Top Lit Updraft kilns (Fru et al., 2018), Japan
Open Retorts (Steiner et al., 2018), Adam Retorts (Sparrevik et al., 2014) and Flame Curtain Kilns
(Pandit et al., 2018). These all had a daily feedstock throughput capacity of less than a metric ton,
with most below 100kg. The breakeven point for these kilns ranged between US$16 Mg! (Mekuria et

al., 2013) and US$196 Mg (Pandit et al., 2018).

Middling-scale technology quartiles exhibited the highest average BEP, indicating that larger-scale
centralized units may have a competitive edge on medium-scale units due to economies of scale. Yet
there may be other impediments to this centralized model, such as the insufficient cash reserves of
small-scale farmers preventing purchase of biochar from a centralized source or prohibitive transport
costs from the pyrolysis facility to the target crop. The advantage of the small-scale model is that it is

generally a closed system, where farmers produce and use their own biochar.

3.4 Technology focus

On average, scenarios where pyrolysis technology was dedicated to biochar production were more
profitable than scenarios where pyrolysis technology had co-production capability (fig. 3C). Such
coproduction facilities were often focused on bioenergy or biofuels as the main source of revenue,
with biochar being a secondary product. The breakeven point for biochar-focused pyrolysis

technologies was less than half that of the average for coproduction scenarios (Table 2).
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Despite this general result, small-scale coproduction technologies have been shown to be financially
feasible (Joseph, Anh, et al., 2015; Mohammadi et al., 2017; Shackley et al., 2012). In Shackley et al.
(2012) rice husk biochar was a waste stream of gasification for electricity, and was sold at a negligible
price to nearby farmers. This opportunistic approach depended on high electricity prices to make the
gasification system profitable. Joseph, Anh, et al. (2015) and Mohammadi et al. (2017) both assessed
the returns from biochar cook stoves, a technology that allows for domestic cooking requirements
along with a biochar coproduct, which had the added benefit of minimizing the requirement for
additional labor. This may be particularly important for small-scale farmers where decreased labor

availability may prove a constraint.

3.5 Yield inclusion or exclusion

Where crop yield gain was included in financial analysis, a US$384 Mg premium was added to
average net biochar value (V) (fig. 3D). Scenarios that incorporated yield gain were financially
feasible on average (US $49 Mg™). Scenarios that excluded consideration of yield gain were far less
financially feasible on average (US-$334 Mg!). The average revenue from scenarios where biochar
yield effect was excluded was US$9 Mg, far less than the average revenue of US$286 Mg where

yield was included.

Robb and Dargusch (2018) considered biochar financial feasibility from a nutrient saving perspective
(yield exclusion) and crop yield perspective (yield inclusion), and concluded in four different
cropping scenarios that the financial of biochar applied for increased yield purposes far exceeded the

financial value created from savings of avoided fertilizer.
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Roberts et al. (2010) considered nutrient saving in four different, but not yield effects, arguing that the
soil in question (US corn belt) was already highly fertile, and as such unlikely to exhibit yield gain
from biochar application. The study calculated agronomic revenues between US$41-79 Mg with a
breakeven price between US$163-332 Mg making the scenarios financially infeasible. Similarly,
Field et al. (2013) excluded yield gains and calculated agronomic revenues of US$2 Mg from
nutrient saving and liming effect, and calculated a breakeven price of US$270 Mg!' making the

scenario highly financially infeasible.

Yield inclusion was found to be correlated with tropical climatic conditions (73%) and lower-income
levels (65%). No causal relationship could be ascribed to yield inclusion or exclusion as a predictor of

overall financial feasibility, thought the overall model was found to be significant (Table 3).

Scenarios that were financially feasible (V > 0) were found to have an average biochar yield spread of
3.18%, which was much higher than scenarios that were not financially feasible (V < 0) with an
average biochar yield spread of 0.62%. All else being equal, it is the case that financial feasibility is

improved with higher biochar yield effects.

3.6 Crop selection

Crop value improves biochar financial feasibility where biochar application causes yield
improvement. On average, biochar applications in low-value cereal crops are not financially feasible
(US-$45 Mg, while biochar applications in higher-value crops (non-cereal crops) are financially
feasible (US$157 Mg, Table 2, Fig. 3E). This was well exemplified in Robb and Dargusch (2018),
which assumed uniform biochar performance (2% biochar yield spread) across crops of Australian

wheat, cotton and sugarcane. Application in Australian wheat resulted in discounted revenues of
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US$81 Mg ! and net value (V) of US-$220 Mg whereas biochar applied in a higher value crop of
Australian sugarcane resulted in US$370 Mg in discounted revenues, with a net value (V) of US$134

Mg,

It remains the case that where biochar can be shown to improve crop yields, targeting higher value
crops augments scenario financial feasibility. This assumes produce is sold to market and is not used

for subsistence purposes.

3.7 Carbon pricing

Average carbon prices from five different carbon trading schemes from 2018 were applied to test the
sensitivity of scenario financial feasibility (WBG, 2018). Biochar average financial feasibility (V)
exceeds zero where the carbon price (per metric ton CO»-¢) exceeded US$55 (Fig. 4). Of the 70
scenarios, a US$2 carbon price of the Guangdong ETS pilot increased the number of viable scenarios
from 27 to 28. A US$16 carbon price achieved under the European Union ETS increased the number
of viable scenarios from 27 to 31. A US$25 price (UK carbon price floor) increased the number of
viable scenarios from 27 to 34. A US$55 price (French carbon tax) increased the number of viable
scenarios from 27 to 38. A US$77 price (Finland carbon tax) increased the number of viable scenarios

from 27 to 44.

Figure 4. Influence of different carbon prices on average biochar financial feasibility (V). Error bars

represent one standard error.

Under conditions of very high carbon prices above US$55 (French carbon tax) such as those found in

a small number of Western European countries, approximately half of the scenarios were financially
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feasible. Only four scenarios that were previously not financially feasible became financially feasible
under a moderate level carbon pricing policy of US$16 (EU ETS). While previous studies have
concluded that biochar requires high carbon prices to reach financial feasibility (Kulyk, 2012; McCarl
et al., 2009), we have demonstrated that this impediment is specific to the conditions of these studies
and cannot be generalized. It is not generally the case that biochar project financial feasibility will
depend on high carbon prices, but it is generally the case that scenario financial feasibility will be
insensitive to carbon pricing policy without exceptionally high prices. Biochar projects cannot rely on
carbon pricing schemes for financial feasibility and should instead target circumstances in which

biochar creates agronomic and other forms of financial value for users.

3.8 Review limitations

The major limitation of this review is the inability to ascribe causality due to correlation between
variables, otherwise known as the fundamental problem of causal inference (Holland, 1986). For
example, average financial feasibility is higher for biochar-focused technologies as opposed to
coproduction capable technologies. Yet biochar-focused / co-production capability itself was not a
significant predictor of financial feasibility within the overall model. The correlation between
production capability and other variables such as income levels may be a property of the dataset taken
from the review and may be coincidental. It may also be the case that there is some confounding
observed or unobserved variable linking technological scale and coproduction capability with another
variable, such as low income levels limiting the capacity to acquire coproduction technology (Athey
& Imbens, 2017). As found in the OLS analysis, the overall model inclusive of all variables is a
significant predictor of financial feasibility, yet no individual variable is a statistically significant

predictor.
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Climate change is expected to have regional effects of increased temperature and decreased soil
moisture (Smith, 2012). As well as climate change mitigation through carbon sequestration (Wang et
al. 2016), biochar may also play a role in climate change adaptation through improvement of soil
health (Waters et al., 2011). Low applications of biochar have been shown to increase soil moisture,
indicating that biochar may mitigate water shortages on drought-prone soils as a result of climate
change (Koide et al., 2015). Aged biochars have been shown to enhance soil properties (Liang et al.,
2006) and accumulate soil organic carbon (Weng et al., 2017). Due to variability of potential future
climate change impacts and the lack of knowledge of long-term biochar effects across a range of
circumstances, these potential benefits of biochar’s use for climate adaptation were not considered in

this review.

This review sought to examine financial feasibility studies of biochar where applied to soil. The
review scope excluded a publication considering biochar’s use as an animal feed, detailed in Joseph,
Pow, et al. (2015). In this scenario, a hardwood biochar is fed to beef cows at a rate of 0.33 kg per
cow per day. Through avoiding costs of feed, this scenario results in revenues of US$1,691 Mg and a
biochar net value (V) of $1,553 Mg™'. Both the revenues and net value derived in this scenario are in
exceedance of any other scenario considered in this review. This scenario did not quantify the effects
of biochar on potential animal weight gain that have been observed in preliminary research (Leng,
Preston, & Inthapanya, 2012) which would deliver further financial benefits. A recent industry report
(Robb & Joseph, 2019) evaluated biochar as a cattle feed and found that improved cattle health and
weight gain delivered greater financial benefit to the user than the feed cost displacement scenario in

Joseph, Pow, et al. (2015).
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Biochar’s use as an animal feed, as a medium for water use efficiency and in environmental
remediation may be of greater financial value relative to biochar’s use as a soil amendment. This is
reflected in a 2018 US Biochar industry survey which indicated that emerging markets include
stormwater management; water retention in turf, landscaping and urban tree plantings; biochar soil
blends for horticulture; remediation of mine tailings and as a replacement for activated carbon in
industrial uses (Groot, Pepke, Fernholz, Henderson, & Howe, 2018). Given the literature’s
overwhelming focus on biochar’s use as a soil amendment, it is almost certainly the case that the

literature does not reflect all benefits biochar users are experiencing in practice.

4. Conclusion

This review sought to address the predominant view in the biochar-related literature that biochar,
whilst highly beneficial for positive agronomic and environmental outcomes, was generally not
financially feasible. Of the 70 scenarios reviewed, 19 biochar applications were financially feasible in
consideration of crop yield gain. These 19 scenarios shared numerous characteristics, namely they
were mostly to be found in lower-income countries (16 of 19), focusing on crop yield improvement
(19 of 19) in higher-value crops (10 of 19) or cereal crops (9 of 19) as the only source of project value

(16 of 19), using small decentralized pyrolysis technology (16 of 19) in tropical latitudes (17 of 19).

OLS multiple linear regression of scenarios drawn from the reviewed literature indicated that these
characteristics overall were significant predictors of biochar net value (V) and biochar net agronomic
value (Vic). Scenarios with small-scale biochar focused technology in lower-income nations located in
tropical climates focusing on yield gain in high value crops were predictive of scenario financially

feasibility. Scenarios of large-scale biochar projects with coproduction capacity in higher-income
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nations in temperate climates focusing on revenue streams other than from crop yield increases are

predictive of scenarios that are not financially feasible.

Despite the significance of the overall result, no individual variable was a statistically significant
predictor. For example, tropical soils and low-income countries were highly correlated, making their
individual causal role unclear. It is well established that low income countries have lower biochar
production costs and crop yields in tropical soils benefit the most from biochar on average (Jeffery et
al., 2017). It is also trivially the case that targeting higher value crops will increase biochar valuation,
where the crop harvest is sold to market and not used for subsistence purposes (Robb & Dargusch,
2018). Coproduction capability and Technology Scale both had the weakest overall predictive
significance within the OLS regression (Table 4), and pyrolysis technology scale had the lowest
correlation with other variables, suggesting that larger scale pyrolysis technology scenarios with

coproduction capability may be financially feasible propositions in lower-income countries.

Previous studies (Kulyk, 2012; McCarl et al., 2009) have concluded that biochar projects will not be
financially feasible without high carbon prices such as those found in a handful of Western European
countries. This review highlights numerous biochar scenarios which are financially feasible without
carbon pricing. Given that global carbon markets are unlikely to be developed to the extent where
infeasible scenarios are made feasible by carbon pricing (Joseph, Anh, et al., 2015), biochar projects

should seek alternative forms of financial value creation rather than relying on carbon markets.

Some studies have reached generalized conclusions about the general lack of feasibility of biochar

and have concluded that biochar abatement cost is high (Bach et al., 2016; Marousek et al., 2017;

McGlashan et al., 2012). These studies overlook alternative contexts such as tropical low-income
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countries. They also overlook biochar’s uses as an animal feed, as a water saving medium and recent
innovations such as biochar fertilizers which have been shown to create significant net financial value
(Groot et al., 2018; Joseph, Pow, et al., 2015; Robb & Joseph, 2019; Zheng et al., 2017). This review
has shown that previous conclusions of biochar’s general lack of financial feasibility assume
circumstances that are overall predictors of scenarios that are not financially feasible and cannot be

generalized.

Shifting cultivation is practiced by up to 500 million people throughout the global tropics (FAO,
1985), covering 30% of all arable land (Brady, 1996). As much as 0.2 Pg C yr'! could be sequestered
using biochar in shifting cultivation systems throughout the world (Lehmann et al., 2006), in regions
where rural poverty (Sanchez, 2002) and land degradation (Ayuke et al., 2011) are often pressing
concerns. Small-scale farmers in these areas pursue a diverse range of livelihoods (Cramb et al., 2009)

and biochar may be applied to augment yields in cash crops.

Estimates of biochar’s potential as a negative emissions technology typically report prohibitive
abatement costs when financial feasibility is assessed in high-income countries such as US$135 Mg
'COse by McGlashan et al. (2012). Our review of the literature observed similar estimates for average
abatement costs in temperate latitudes (US$119 Mg' COse) and higher-income countries (US$93 Mg
' COse), however, our examination of the literature shows that biochar applications in lower-income
countries in the humid tropics can generally be financially feasible from the small-scale farmer’s
perspective, with an average abatement cost of US-$63 Mg CO,e and US-$71 Mg COse
respectively. Climate policies of lower-income countries in tropical latitudes should consider biochar
as an input for small-scale climate smart agriculture to address land degradation in tropical

agricultural systems.
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Table 1. Summary results of systematic review. Ranges (+) are one standard error. B¢ — Biochar. AC — Abatement cost.

Financially  Average financial Average Average AC  Average cost
feasible feasibility Abatement (US$ Mg~ (US$ Mg Be)
scenarios (US$ Mg Be) (CO,e Mg Be) 'CO,e)
\'% 27 of 70 -148 + 405
-2.68 +1.37 54+ 209 433 + 409
Ve 19 of 70 -330 £ 485
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Table 2. Review characteristic averages in order of lowest cost abatement

ted Article

Characteristic Sub-Characteristic AC A\ Vhe Scenarios Revenue @ BEP Technology  FS cost Transport
US$ Mg US$ Mg US$Mg!  (70intotal) US$ Mg US$ Scale US$Mg'FS  US$Mg' Be
COqe Bc Bc Bc Mg Mg FS day™
Climate Tropical ¥ 71 1468 145 § 17 315 170 4 2 4
Technology scale ~ Small-scale 141 ] 141 ’ 18 [ 316 175 1 1 7
Crop value Higher-value crop T 157 ' 157 ’ 13 324 167 4 6 13
GNI Lower 143§ 143 § 20 [ 309 167 3 2 11
Yield inclusion Yield included j 49 | 9 34 324 295 | 145 16 33
Climate Subtropical o 69 | -70 o 329 399 | 60.26 33 24
Technology focus  Biochar | B 33 | 7 29 - 310 277 I 134 6 43
Crop value Cereal agriculture | -45 -145 26 - 298 343 I 210 26 37
Technology scale  Medium large-scale 2 200 -481 18 [ 359 sss | 97 51 35
GNI Higher 264 -462 so 275 s40 [ 304 45 62
Technology focus  Coproduction -276 -499 a1 [ 267 543 L 277 45 49
Technology scale  Large-scale 282 482 17 [ 206 ass [ 778 45 109
Technology scale Medium small-scale -265 -350 17 . 253 519 ‘ 17 28 31
Climate Temperate -306 502 aa | 40 s42 | 333 43 69
Yield inclusion Yield excluded s 338 554 36 [ 229 s63 [ 257 a4 58
Crop value No crop W48 -362 558 31 [ 258 620 | 314 45 69

Accep
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AC — Abatement Cost. GNI - Gross National Income per capita as defined by the World Bank(Fantom & Serajuddin, 2016) - This classification assigns
economies into four income groups by Gross National Income per capita. As of July 2018, these thresholds are high (> US$12,055), upper-middle
(US$3,896-12,055), lower-middle (US$996 — US$3895) and low (< US$995). In this paper, ‘lower-income’ refers to the two lower classes, whereas ‘higher-
income’ refers to the two higher classes. FS — Feedstock. ‘Higher value crop’ are non-cereals. ‘No Crop’ indicates that no revenues from biochar crop yield
improvements were considered in the scenarios. BEP — Breakeven Point



Table 3. Correlation between scenario variables. Climate (0 = Te — Temperate , 1 = S — Subtropical,

Tr — Tropical), Yield (‘Y’ - yield inclusion, ‘NY” - no yield inclusion. Y = 1, NY = 0), Crop Value

(‘No Crop’ - no crop is considered in the valuation, ‘Cereal’ - a cereal crop is the target, ‘Other’ —a

higher value crop is the target. 0 = No Crop / Cereal, 1 = Other) and Technology Scale (the daily

maximum feedstock throughput capacity in metric tons). Income (Gross National Income per capita

as defined in Fantom and Serajuddin (2016), as ‘H’ - High, ‘MH’ - Medium High, ‘ML’ - Medium

Low, and ‘L’ —Low. 0=H/MH, 1 =ML/L)

Climate | Income Yield Crop Coproduction | Technology

Value Scale

Climate 1

Income 0.823 1

Yield 0.732 0.651 1

Crop Value 0.355 0.395 0.443 1

Coproduction -0.554 -0.559 -0.633 -0.450 1

Technology Scale | -0.341 -0.310 -0.161 -0.244 0.160 1

Vhe 0.539 0.533 0.531 0.427 -0.487 -0.280

\Y% 0.512 0.458 0.477 0.369 -0.379 -0.242
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Table 4. Coefficients and P-values of OLS regression variables

V($Mg?)

1000

500

-500

-1000

-1500

-2000

-2500

Dependent

: Independent variables  Coefficients P-value
variable

Intercept 287.31 2.40E-02
Climate*GNI 162.61 2.21E-01
Yield 206.94 1.02E-01
v Cereal 143.46 2.49E-01
Coproduction -26.84 8.19E-01
Tech. Scale -0.09 3.57E-01
Intercept -387.88 1.04E-02
Climate*GNI 247.02 1.17E-01
Yield 216.89 1.46E-01
Vie Cereal 198.09 1.79E-01
Coproduction -148.59 2.86E-01
Tech. Scale -0.14 2.58E-01
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p=3.55E-06
adjr2=0.35

Actual Vbc
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