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8.1 INTRODUCTION

8.1.1 OvVERVIEW OF BIOCHAR SYSTEMS AS A CLIMATE MITIGATION STRATEGY

Biochar is the carbon-rich solid formed by heating biomass in an anaerobic environment (a pro-
cess called pyrolysis). This pyrogenic carbonized material is typically known as biochar when it is
intended as a soil amendment or to provide related environmental benefits. The concept of using
carbonized biomass on a large scale as a climate-change mitigation approach can be traced back
to two independent fields of study: (1) Seifritz (1993) discussed the climate-mitigation potential
of industrial production and the burial of charcoal in landfills but did not consider its use as a
soil amendment. (2) Charcoal was found to contribute a major component of the stable carbon
in Amazonian dark earth soils known also as Terra Preta de Indio (Glaser et al. 2001, 2004).
Sombroek et al. (1993) described the historical use of organic matter additions by indigenous
peoples in the Amazon region to improve soil fertility, the resulting large accumulation of carbon
(C), and its consequent potential as a climate-change mitigation strategy. The conjunction of these
strands—that large scale charcoal production can be used to sequester C, and that charcoal can be
used as a soil fertility amendment—has driven a rapid expansion and interest in biochar research
over the past two decades, with only one journal article in the period 1990-1999 using the term
“biochar,” rising to 78 in 20002009 and soaring to over 4000 since 2010 (Web of Science cita-
tions). It has been estimated that biochar systems can mitigate up to 1.8 Pg CO,C equivalent yr~!
(12% of anthropogenic CO,, CH,, and N,O emissions), without endangering food security, habitat
or soil conservation—a larger climate-change mitigation potential than using the same biomass for
bioenergy (Woolf et al. 2010).

8.1.2 MaAIN IMpPACTS OF BIOCHAR SYSTEMS ON CLIMATE CHANGE

Biochar’s climate-change mitigation potential stems primarily from its slower decomposition
than the raw biomass from which it is generated, thus lowering the rate at which photosynthet-
ically-fixed C is returned to the atmosphere (Wang et al. 2016) (Figure 8.1). It is this difference
in decomposition rates that is critical in determining how net carbon stocks evolve over time
(Figure 8.2 and Whitman et al. 2010). Although approximately half of the carbon in a biomass
feedstock is emitted as CO, during biochar production; by comparison, more readily-decomposed
un-pyrolysed biomass will rapidly return most of its carbon to the atmosphere if allowed to
decompose. Therefore, the carbon stocks remaining over time are larger for biochar than for raw
biomass, leading to a net increase in soil carbon stocks. Thus, although embedding carbon in bio-
char is, in one sense, a redistribution of biomass carbon rather than newly fixed carbon, nonethe-
less the greater persistence of the biochar drives a net sequestration of carbon. Most studies have
concluded that this persistence-derived carbon sequestration is the largest influence of biochar
on net greenhouse gas balances, while other mechanisms serve to mediate this primary influence
(Fowles 2007; Gaunt & Lehmann 2008; Roberts et al. 2010; Whitman et al. 2010; Woolf et al.
2010; Cowie et al. 2015).

In addition, biochar’s overall impact on climate change mitigation depends also on a range of
other secondary mechanisms. It can reduce nitrous oxide (N,0O) emissions from soil (Cayuela et al.
2013). It can alter methane emission or oxidation rates in soil (Jeffery et al. 2016). Conversion of
biomass to biochar can avoid emissions of N,O and/or methane (CH,) that would have arisen from
the decomposition or combustion of that biomass (Woolf et al. 2010). Biochar can enhance plant
growth (Crane-Droesch et al. 2013; Jeffery et al. 2016), this enhanced productivity providing a
positive feedback that further enhances the amount of CO, removed from the atmosphere, par-
ticularly if that increased biomass increases the feedstock available for further biochar production
(Woolf et al. 2010). Biochar can alter the turnover rate of native soil organic matter (SOM), thus
potentially either increasing or decreasing stocks of non-pyrogenic soil C (Zimmerman et al. 2011).
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FIGURE 8.1 Main impacts of biochar on greenhouse gas (GHG) fluxes. In the reference system without
biochar (a), plants remove CO, from the atmosphere by photosynthesis with fixed carbon being returned to
the atmosphere as plants decompose in the soil. A fraction of the reactive nitrogen in the soil is also released
to the atmosphere in the form of nitrous oxide, a potent GHG. In the biochar system (b), approximately half
of the biomass carbon is returned to the atmosphere during pyrolysis, but the remaining carbon in the biochar
decomposes more slowly than raw biomass, leading to an overall reduction in the rate of CO, emission to the
atmosphere. Simultaneously, nitrous oxide emissions from soil can be reduced by up to 80%. Draw down
of CO, by photosynthesis may be increased by improved soil fertility leading to an increase in net primary
production. Finally, co-production of bioenergy in the pyrolysis process can displace fossil fuels that would
otherwise have provided that energy (indicated as a net reduction in atmospheric CO, on the diagram).
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FIGURE 8.2 (See color insert.) Conceptual comparison of un-mineralized biomass carbon (C) remaining
from different grades of organic matter, as a function of time. The lines are modeled using a two pool expo-
nential decay model, comparing slow-turnover woody biomass (green line), fast-turnover herbaceous biomass
(blue line), and biochar (red line). Assumed representative fast and slow fraction half lives, respectively, were
4 and 25 years for woody biomass, 1 and 25 years for herbaceous biomass, and 5 and 500 years for biochar. It
was also assumed that half of the initial biomass carbon is lost during biochar production, hence the carbon
remaining in biochar starts at 50% at time equal to zero.

As with any mechanism that increases the soil’s organic C (SOC) stocks, biochar reduces soil
albedo, thus increasing radiative forcing on bare soils (Verheijen et al. 2013). Slow decay of biochar
in soils, together with tillage and transport activities, return a small amount of CO, to the atmo-
sphere (Roberts et al. 2010). Reduced fertilizer requirements from improved nutrient-use efficiency
(NUE) can reduce associated greenhouse gases (GHGs) from fertilizer production, transport and
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N,O emissions. Coproduction of bioenergy can offset fossil-fuel emissions, while returning about
half of the C fixed by photosynthesis to the atmosphere (Woolf et al. 2014).

Although these secondary mechanisms are typically smaller than persistence-derived carbon
sequestration, they are, nonetheless, pivotal in determining whether the climate-change abatement
from biochar is greater or smaller than can be achieved by other ways (such as bioenergy) the same
biomass could be used to offset or displace GHG emissions. Depending on the carbon intensity of the
energy supply that is displaced, the reduction in fossil fuel emissions from bioenergy may be compara-
ble to the carbon sequestration that biochar provides (Fowles 2007; Gaunt & Lehmann 2008; Roberts
et al. 2010; Woolf et al. 2010; Cowie et al. 2015; Woolf, Lehmann & Lee 2016). Thus, the question of
whether biochar provides greater or lesser abatement than bioenergy hinges largely on the size of these
secondary climate-change mitigation impacts and the carbon intensity of any displaced fossil fuels.

The net impact of all these mechanisms is highly variable, depending on the characteristics of
the entire biochar production system (from feedstock provision, through pyrolysis conditions, to
soil biogeochemistry) and also on the characteristics of the assumed reference system to which it
is compared (i.e., how the land, biomass and energy systems would be managed in the absence of
biochar production). Life cycle assessments (LCAs) have indicated that the net mitigation impact of
biochar systems commonly range from —0.6 to +1.75 Mg CO,e Mg feedstock (0.3 to +1.3 Mg C
Mg feedstock-C) (Cowie et al. 2015). This wide variability is only partly attributable to uncertain-
ties that remain in the size and longevity of some effects (especially, on plant growth, N,O emissions
from soil, and stabilization of non-pyrogenic SOC). The variability in impacts is mainly dependent
on differences in the scenarios that are modeled (type of feedstock, pyrolysis conditions, and the
reference energy system). Although some options are estimated to provide minimal or even nega-
tive climate-change abatement, one thing emerges clearly from these LCA studies: provided care
is taken to avoid controllable detrimental impacts (such as indirect land use change), then the net
GHG abatement is typically greater than the C sequestration alone. That is, the positive feedbacks
on GHG abatement from factors such as reduced CH, and N,O emissions, increased net primary
production (NPP), reduced fossil fuel consumption, and increased soil C stabilization tend to out-
weigh the negative feedbacks from factors such as energy required for transporting biochar and
incorporating it into the soil.

Thus, the overall picture that emerges is nuanced with both knowns and unknowns. While much
remains to be learned about how long different types of biochar persist in different environments,
nonetheless enough is known to be confident that woody biochars produced at high temperatures are
sufficiently persistent to justify their use in managing the C cycle over the centennial timescales that
are most relevant to navigating humanity through the challenges of the coming century. While much
uncertainty remains in the impact of biochar on yield of different crops in different soils and agroeco-
logical zones, and it is expected to be as predictably variable as any other soil management such as
fertilizer or lime applications, nonetheless, it is known that sandy, low cation exchange capacity (CEC)
and highly acidic soils typically benefit the most from biochar applications; whereas, already-fertile
soils will see little or no improvement, and adding alkaline biochar to alkaline soils can depress yields.

In the remainder of this chapter we investigate what is currently known and what remains to be
researched about the major impacts of biochar on climate change. Finally, the policy implications
of the current state of knowledge about biochar and climate are also discussed to draw recom-
mendations about what types of biochar systems can already be confidently deployed, under what
conditions biochar systems may be suboptimal or other forms of organic matter (OM) management
would be preferred, and what are the most pressing research directions that need to be addressed to
improve the decision making tools for biochar systems.

8.2 PERSISTENCE

A greater persistence of charred than uncharred OM is the foundation of biochar systems’
capacity to reduce GHG emissions, and thereby mitigate climate change (Lehmann et al. 2006;
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Lehmann et al. 2015). Such greater persistence means that the C in the charred biomass is returning
to the atmosphere much slower than that in charred biomass, leading to more C in soil (or wherever
the biochar is applied to) than in the atmosphere (Lehmann 2007). In addition to this most obvious
impact, increased persistence has three other main effects: (1) the C in biochar does not generate
CH,, a much more potent GHGs than CO,, if landfilled or added to soil (Houghton et al. 1997);
(2) biochar added to soil (or compost) may reduce CH,, N,O, or CO, production from C or nitrogen
(N) otherwise originating from soil (Van Zwieten et al. 2015; Whitman et al. 2015a,b)—the longev-
ity of these impacts being contingent on the persistence of the charred material; and (3) biochar
added to soil may increase plant growth through a variety of mechanisms (Jeffery et al. 2014),
whose longevity also depends on biochar persistence. Except for the remediation of CH, emission
from biomass (point 1 above) which is instantaneous and quasi permanent, greater persistence is
the basis for greater emission reductions and therefore the basis for the role of biochar systems in
climate change mitigation. However, it is important to recognize that, while greater persistence
inferred by charring is a necessary precondition for climate change mitigation by biochar systems,
it is not sufficient, because life-cycle emission reductions will hinge on additional factors such as
the fate of biomass under business as usual, transportation, and energy use among other factors
discussed in the sections below.

The importance of persistence with respect to C trading and dangerous climate change over the
coming decades and century hinges not so much on the absolute persistence than on the persistence
relative to the scenario were the biomass not charred. When considering centennial assessment hori-
zons, the extent of emission reductions is remarkably insensitive to the extent of biochar persistence,
both for emissions of N,O (Gaunt and Lehmann 2008), as well as the C in the biochar (Roberts et al.
2010), provided that the mean residence time (MRT) remains above 100 years. This importance
over the coming century has to be distinguished from the millennial C balance (Lehmann et al.
2010), which requires MRT in the range of millennia for biochar systems to safeguard against return
of C to the atmosphere on the long term. Since biochar may have a role to play in an energy and
C management transition (Woolf, Lehmann, and Lee 2016), MRT of above 100 years appear to be
sufficient in a first approximation for contribution to climate stabilization over the coming century.

Evidence of biochar persistence has been forthcoming from naturally occurring pyrogenic
organic C generated by vegetation fires, from anthropogenic forest clearing and by-product manage-
ment, from field trials with deliberate additions of biochar, and from incubation studies of biochars.
Each of these approaches to the quantification of its persistence has advantages and disadvantages
(Lehmann et al. 2015). As with uncharred OM, both material properties as well as environmental
factors play a role in the decomposition rate of biochar. Material properties play a greater role in the
short term of months and decades, while interaction with the soil matrix emerges as an important
control over the long term, with factors such as temperature and moisture being the most important
control during any period. Over the period of decades and a century that is most relevant to the cur-
rent discussion and need for climate change mitigation, the most important determinants of biochar
persistence are material properties—specifically the extent of thermal transformation to a higher
degree of what is called aromatic condensation, i.e., to what extent and in which configuration C
atoms in the biochar are fused together during charring (Lehmann et al. 2015). Different biochars
therefore have vastly different mineralization rates, with a MRT of about 556 years of 97% of its
mass (Wang et al. 2016) for production conditions that typically generate biochars with greater aro-
matic condensation. The degree of aromatic condensation can be studied using spectroscopic tech-
niques (Wiedemeier et al. 2015) but is often estimated simply by their elemental oxygen-to-organic
carbon (Spokas 2010) or hydrogen-to-organic carbon ratios (Lehmann et al. 2015) that are to a cer-
tain degree interchangeable (Enders et al. 2012). An important nuance to recognizing and analyti-
cally establishing the material properties is that biochars (as any plant residue) are not homogeneous
but typically contain some portion that is extremely easily metabolized to CO,, while others require
enzymatic expenditures by microorganisms that are energetically costly and are therefore typically
mineralized only very slowly.
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Two points deserve special attention: first, no matter what MRT is measured for a certain
biochar, more important than the absolute mineralization is the difference in mineralization
between the uncharred OM and the charred biochar. While biochar mineralization varies
depending on all the factors mentioned above including environmental factors, under identical
soil and climatic conditions charring has always been shown to confer greater persistence to
organic residues, typically by more than one order of magnitude. Second, the charring process
itself releases CO, (or gases and particulates with even greater climate forcing than CO,) to the
atmosphere (Whitman et al. 2013) that has to be compensated by slower mineralization of the
biochar compared to the uncharred feedstock. In addition, the released gases and volatiles can
be utilized as an energy or bio-product and offset other bioenergy or even fossil energy use,
which would create a very favorable emission balance depending on the fuel that is offset (Woolf
et al. 2010). Third, both biochar persistence in absolute terms (such as through calculation of its
MRT) as well as the effect that charring has on organic residues in relative terms will always be
highly variable in time and space, simply because of the multitude of controls that are at play (as
discussed above). This variability must not be confused with uncertainty about biochar persis-
tence (Lehmann and Rillig 2014). While the variability in mineralization rates between different
biochars or between sites can be very large, such variability is predictable given the knowledge
of mineralization processes.

Therefore, it is evident that knowing the production conditions (mainly pyrolysis temperature
and duration) and the feedstock type will be sufficient to be certain of the degree of aromatic con-
densation that will reduce mineralization of a given plant residue under otherwise identical soil
and climatic conditions. This aromatic condensation can be verified using said elemental ratios
(oxygen-to-organic C or hydrogen-to-organic C). For example, woody biomass residues pyrol-
ysed above 500°C for at least 10 min will have molar hydrogen-to-organic C ratios of below 0.4
(Enders et al. 2012) and therefore under climate and soil conditions where biochar is applied in
an agricultural context show MRT of more than 1000 years (Lehmann et al. 2015). The myriad
of possible different feedstocks, conversion technologies and conditions, soil properties and man-
agement, as well as climate and weather conditions and their combinations will generate a wide
range of persistence values. Information about all possibilities will emerge as science progresses,
but sufficient information is already available for certain combinations of factors that have been
studied in greater detail and for which natural analogs exist (e.g., from vegetation fires or historic
anthropogenic additions).

From a scientific perspective, even though it is a foundational and necessary property of biochar,
persistence can be managed and verified, and will not constitute a constraint for designing biochar
systems for climate change mitigation. From an industry, policy and public perspective, this is
different. Trust in the extent of biochar persistence remains a constraint that will likely only be
mitigated by improved communication and additional experimentation, with a focus on long-term
field experiments.

The persistence of emission changes of other greenhouse gases from soils (CO,, CH,, N,O) and
growth responses by plants that could all increase or decrease the life-cycle emission balance, also
benefit from further and long-term (decadal) field experimentation. However, sufficient informa-
tion is available for many different combinations of factors that appropriate estimates can be made
to sufficiently constrain projections over the coming century (Woolf et al. 2010). Therefore, it is
appropriate that the first publically available C trading methodology has been established (Placer
2015). For a truly long-term C sequestration (aka millennial or semi-permanent from a geological
perspective), more ambitious criteria to biochar persistence have to be applied than for arresting
dangerous climate change over the coming century (Lehmann et al. 2010). The scientific desire and
justification to establish a global network of biochar field experiments to generate long-term (more
than 20 years) data on full-field emission balances should not be seen as an argument against imple-
menting biochar systems for climate change mitigation now, in order to start gathering relevant data
beyond but including biochar persistence at scale of implementation.
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8.3 SOIL NITROUS OXIDE EMISSIONS

Nitrous oxide (N,0) is now considered the third most important long-lived GHG after CO, and CH,
(Davidson and Kanter, 2014). The emission projections considering business-as-usual scenarios
estimate that anthropogenic N,O emissions could double in 2050 (from 5.3 to 9.7 Tg N,O-N y).
Importantly these emissions are mostly associated with food production, because agriculture cur-
rently accounts for 56%—81% of gross anthropogenic N,O emissions (Davidson and Kanter, 2014).
Since arable soils are by far the dominant N,O source, reducing N,O fluxes from fertilized soils
would represent a substantial mitigation opportunity in the agricultural sector (Paustian et al., 2016).

N,O is produced in soils by microbiological processes and it is generally believed that the prin-
cipal factor responsible for agricultural N,O emissionsis a lack of synchronization between crop N
demand and soil N supply (Venterea et al. 2012). Microorganisms utilize N compounds, not only
to incorporate N into their cell structures, but also in many catabolic reactions that imply N redox
transformations. It is within these transformations where several trace N gases (including N,O and
NO) are formed and emitted to the atmosphere (Conrad 1996). Thus, whenever N enters the soil
matrix a competition starts between plant roots and soil microorganisms to use that N (Hodge et al.
2000; Kuzyakov & Xu 2013). This implies that some N,O emissions associated with fertilized
croplands is inevitable, and that even when engineered high N-use-efficiency cultivars are used and
N is applied in synchronization with plant N demand, there will always be a vigorous competition
for N in the rhizosphere. Depending on the circumstances, this can lead to substantial N,O emis-
sions. Ultimately, mitigating N,O emissions without limiting N supplied to plants can be achieved
only by methods that either (1) increase the proportion of added N that is assimilated by crops, so
that less N-fertilizer inputs are needed (Venterea et al. 2012), or (2) promote the consumption of N,O
in soil, i.e., its reduction to N, (Richardson et al. 2009)—both routes where biochar has been found
to have a substantial impact (Cayuela et al. 2013; Zheng et al. 2013; Quin et al. 2015).

Soils emit more N,O to the atmosphere than any other source (Paustian et al. 2016), which is
largely the result of the extensive use of N-based fertilizers in agricultural lands (Stein & Yung
2003; Smith et al. 2008; Hu et al. 2015; van Groenigen et al. 2015). In spite of the numerous research
efforts over the past decades, N,O mitigation remains a serious challenge, since few practices have
been found to be both effective and consistent across agroecosystems. Recently, the use of biochar
is being investigated as a means to mitigate N,O emissions from arable soils (Spokas & Reikosky
2009; Van Zwieten et al. 2009), and there is strong evidence of the potential of biochar to decrease
N,O emissions from fertilized soils. A recent meta-analysis summarizing results from 56 studies
(published between 2009 and 2014) found that biochar reduced soil N,O emissions by an average
of 49% (Cayuela et al. 2015). However, the N,O mitigation was highly contextual, with some soils
undergoing 90% reductions (Spokas & Reikosky 2009; Cayuela et al. 2013; Nelissen et al. 2014)
and others none or even an increase in N,O emission (Sdnchez-Garcia et al. 2014; Wells & Baggs,
2014). This fact is clearly linked to different N,O formation pathways in different soils, since N,O is
both an intermediary and a by-product in several N chemical reactions. To date, the individual N,O
formation pathways on which biochar operates have not been studied to a sufficient extent. Aligned
to a paucity of data on biochar mechanisms are gaps in the scientific understanding on the processes
leading to N,O production (and consumption) themselves irrespective of biochar additions, with
new studies challenging previous assumptions being published every year (Sanford et al. 2012; Yang
et al. 2012; Zhu et al. 2013; Phillips et al. 2016).

In spite of the complexity of the subject, there is some evidence about which types of biochar
might work best for N,O mitigation. So far, the highest N,O reductions have been found with biochars
made of lignocellulosic or woody feedstocks by slow pyrolysis and at relatively high temperatures
(500-700°C). These biochars generally have low ash content (Cayuela et al. 2013), medium-to-high
organic C to N ratios (C,,,:N >30) (Cayuela et al. 2014), and low atomic H:C,, (<0.5) (Cayuela et
al. 2015). The dose of application is also relevant and needs to be at least 1% in dry weight (equiva-
lent to approximately 10 Mg ha™') in order to reach significant reductions (Cayuela et al. 2014),
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beyond which threshold N,O response increases linearly with dose at 0.17% to 0.91% of initial emis-
sions per Mg ha~! biochar applied (Woolf et al. 2016; Cayuela et al. 2014). As regards environmental
settings, the best results have been reported with conditions promoting denitrification, i.e., high soil
NO;~ concentration and moisture content (Nelissen et al. 2014; Thomazini et al. 2015). Interestingly
a correlation has been found between N,O total cumulative emissions and biochar mitigation: the
higher the N,O emissions, the higher the proportion of reductions with biochar (Cayuela et al. 2013;
Thomazini et al. 2015).

Several hypotheses have been suggested about the potential mechanisms underpinning N,O
mitigation with biochar. However, the number of studies focusing on unveiling the involvement of
a particular mechanism remains conspicuously low. A brief summary of the most studied mecha-
nisms to date is given below. It is important to note that different mechanisms could be more or less
relevant depending on the specific soil and prevailing environmental conditions.

8.3.1 INcreasiNG Soi. PH

Lower soil pH is generally associated to higher N,O emissions from both nitrification and deni-
trification processes (Mgrkved et al. 2007; Liu et al. 2010). The role of biochar alkalinity on N,O
mitigation was studied by Cayuela et al. (2013), who demonstrated that the alkalizing effect of
a series of biochars could explain between 6-65% of the N,O decrease in an organic acid soil.
Subsequently, Obia et al. (2015) quantified NO, N,O and N, production at high temporal resolution
under full denitrification conditions and found a clear link between biochar alkalizing effect and
the reduction in N,O/N, ratio in acidic soils. However, they acknowledged that pH alone could not
explain the observed reductions and that other factors may have contributed to the suppression of
N,O in addition to the pH effect. In a field experiment Hiippi et al. (2015) compared biochar with
lime amendment (adjusting to the same pH) to a slightly acid soil (pH 6.3) and found 52% reduc-
tions with biochar whereas no reductions with lime. They concluded that there is no evidence that
reduced N,O emissions with biochar is merely caused by a higher soil pH.

8.3.2 ALTERING MIcrOBIAL COMPOSITION AND/OR FUNCTIONING OF COMMUNITIES

Biochar changes microbial abundance and community composition, with known impacts on soil
N transformations (Lehmann et al. 2011). It was initially speculated that biochar’s toxicity (due to
its polyaromatic hydrocarbon (PAH) or dioxin content) could decrease the total activity of denitri-
fiers in soil (Wang et al. 2013). Nonetheless, this hypothesis was rebutted by Alburquerque et al.
(2015), who demonstrated that the presence of PAHs at typical biochar concentrations did stimulate,
rather than inhibit, N,O emissions and could not explain N,O reductions with biochar. Harter et al.
(2014) were the first to report an increase in the relative gene and transcript copy numbers of the
nosZ-encoded bacterial N,O reductase in a biochar amended soil, a fact that was accompanied by
a decrease in the N,O/N, ratio. In a more recent study, Harter et al. (2016) found that biochar not
only altered the 16S rRNA gene-based community composition and structure, but it also led to the
development of distinct functional traits capable of N,O reduction containing typical and atypical
nosZ genes.

8.3.3 FavoriNG Biotic/ABioTiC ELECTRON TRANSPORT

Several recent articles underline the importance of biochar electron transport properties, which
might have a bigger impact on soil biogeochemical processes than previously thought (Chen et al.
2014; Kappler et al. 2014; Prévoteau et al. 2016; Saquing et al. 2016; Sun et al. 2017). Abiotic
interactions would imply a purely chemical redox interaction of biochar with N compounds. For
instance, Quin et al. (2015) measured N20 reduction by injecting 15N-N,O in sterilized soil col-
umns and demonstrated that biochar took part in abiotic redox reactions reducing N,O to dinitrogen
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(N,), in addition to adsorption of N,O. Biotic interactions would imply the ability of biochar to
directly accept or donate electrons from/to soil microorganisms. This ability has been demonstrated
with microorganisms carrying out N redox transformations, like dissimilatory nitrate reduction to
ammonium (Saquing et al. 2016), but to date they have not been explored in N,O studies.

8.3.4 SorpTiON OF C AND/OR N COMPOUNDS

Since denitrification requires organic C as an electron donor, any modification of the concentration
of easily mineralizable C,,, in soil will have an impact on denitrification rates. Biochar (especially
when produced at high temperature) provides little easily mineralizable C,,. On the contrary, it
is known to interact with native or added C,,,, reducing its availability for soil microorganisms
(Kasozi et al. 2010). Although this mechanism has been suggested (Borchard et al. 2014), its impor-
tance for N,O emission reductions has not been systematically evaluated. On the other hand, the
C,¢:NO;™ ratio is crucial in determining the stoichiometry of denitrification products, with higher
ratios favoring the last step of denitrification and therefore decreasing N,O emissions. The adsorp-
tion of NO;~ by biochar could potentially increase this ratio and this mechanism has also been
postulated to explain N,O mitigation. This hypothesis is supported by Hagemann et al. (2017b) who
reported that biochar is able to capture nitrate (NO5~), although no isotope labeling was employed in
this study leaving the question of the source of sorbed N unresolved. Other studies have indicated
that NO;™ is typically not retained by biochar (Hollister et al. 2013; Wang et al. 2016).

Few studies have looked at the long-term N,O mitigation capacity of biochar and the results to
date are contradictory. The first study investigating how biochar aging might modify its ability to
decrease N,O emissions was carried out by Spokas (2013). This study concluded that 3 years of
weathering negated the suppression of N,O production that was originally observed from the fresh
biochar. Subsequently Felber et al. (2014) found a decreasing capacity of biochar to reduce N,O
emissions after one year in grassland. Conversely, Hagemann et al. (2017a) reported that N,O emis-
sions were still effectively reduced by biochar in the third year after application in a field experiment
with corn. In summary, the knowledge on long-term N,O mitigation with biochar is clearly insuf-
ficient, as the number of long-term studies is still low.

8.4 PRIMING

In order to fully characterize the net climate impact of biochar in a given system, its effects on
non-biochar soil organic carbon (SOC) stocks must also be accounted for. Although biochar itself
usually decomposes very slowly in soils, it can affect existing SOC stocks, changing their rate
of mineralization. These changes in mineralization rate are often referred to as “priming,” where
“positive priming” indicates that SOC is mineralized faster with biochar additions than without, and
“negative priming” indicates that SOC is mineralized more slowly than it would have been without
biochar additions (Bingeman et al. 1953; Woolf & Lehmann 2012). This section provides an over-
view of observations of priming in biochar systems, possible mechanisms that may drive priming,
interactions with other C sources in soils, including plant roots and added OM, and implications for
the expected magnitude and duration of priming.

A number of papers have recently summarized biochar effects on SOC stocks (Wang et al. 2016;
Whitman et al. 2015b; Maestrini et al. 2015; Sagrilo et al. 2015). A meta-analysis of 21 studies
reported a mean decrease of 3.8% in SOC mineralization with biochar additions (Wang et al. 2016),
although the 95% confidence interval included zero. This study builds on a meta-analysis conducted
two years earlier, which included 16 studies, and found a mean increase of 15% in SOC mineral-
ization 1 year after biochar additions to soil (Maestrini et al. 2015). The apparent contrast between
these two studies reflects both the larger number of observations and the increase in the number of
longer-term studies available to the more recent (Wang et al. 2016) meta-analysis. The inclusion of
more long-term data is particularly relevant here, as both positive and negative priming effects can
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coexist, with initial positive priming often transitioning to later negative priming. (Zimmerman
et al. 2011; Woolf & Lehmann 2012; Singh and Cowie 2014; Weng et al. 2015; Maestrini et al. 2015;
Wang et al. 2016). These metastudies also highlight the wide range of potential SOC responses to
biochar, and the challenge of succinctly summarizing effects from a relatively small number of
studies, given the wide diversity of potential soil-biochar systems and timescales. Factors such as
soil texture or mineralogy, study duration, and biochar feedstock and temperature, all influence the
net effect of biochar on SOC mineralization (Maestrini et al. 2015; Wang et al. 2016; Whitman et al.
2015b). To thoroughly characterize and understand these effects, further studies will be necessary,
covering a wider range of systems, including more field studies and long-term studies, and focusing
on understanding the mechanisms behind these effects.

Part of the challenge of predicting the long-term effects of biochar on SOC stocks is that there
are diverse mechanisms by which biochar may affect SOC mineralization. The brief summary
given below is in the context of theories of SOC stabilization (Six & Paustian 2014; Cotrufo et al.
2013). Determinants of SOC persistence in soils include environmental controls (e.g., optimal
moisture, temperature, oxygen), physicochemical stabilization (e.g., SOC stabilization on mineral
surfaces and occlusion by soil aggregation), chemical recalcitrance of SOM (e.g., lignin vs. simple
sugars), and biological factors (e.g., microbial community composition and functional potential).
A brief discussion follows on how biochar could affect each of these factors. Any impact of
biochar on soil moisture or temperature could be predicted to have an impact on soil microbial
activity, and SOC mineralization rates. For example, if biochar increases water retention in soils
(Abel et al. 2013) or shifts soil pH to be more favorable for microbial activity, priming could
occur. Physicochemical stabilization of SOC could be affected in at least two ways by biochar
additions. First, a commonly cited explanation for longer-term negative priming is that biochar
surfaces sorb SOM, making it less easily available to microbes (Weng et al. 2015; Woolf &
Lehmann 2012; Zimmerman et al. 2011; Kerré et al. 2017). Second, in theory, if biochar additions to
soil affected aggregation dynamics (e.g., by promoting or inhibiting fungal growth or other aggregate-
stabilizing factors), then SOC protection by aggregates could be affected. While biochar wouldn’t
likely directly affect the chemical composition of SOM, it could change the relative “appeal” of
a given substrate (Whitman et al. 2014b). For example, Whitman et al. (2014a) observed very
short-term (less than one week) negative priming, and suggested that substrate switching may have
occurred, where the small but relatively easily-mineralizable fraction of biochar was preferentially
used as a C source by soil microbes. Conversely, that same fraction of biochar has been postulated
to be responsible for short-term positive priming, where the input of easily-mineralizable C tempo-
rarily increases total soil microbial activity, increasing SOC mineralization as well (Zimmerman
et al. 2011; Whitman et al. 2014b). Finally, biochar additions could shift the microbial community
composition (Whitman et al. 2016; Xu et al. 2014), which could have positive or negative implica-
tions for microbial activity.

Modeling can play a key role in helping us predict the long-term effects of biochar on SOC
mineralization. While short-term experimental studies may give us a rate of change in SOC min-
eralization, predicting the long-term net effects of biochar additions to soil is not simply a matter
of extrapolating from the short-term rate. Depending on the mechanism by which biochar affects
SOC mineralization, it is possible to predict whether the effects of biochar on SOC will saturate or
will persist over time. For example, if biochar itself is responsible for directly sorbing and stabiliz-
ing SOC, thereby decreasing its mineralization rate (negative priming), the net potential effect on
SOC will depend on the number of potential sorption sites on the total added biochar but would be
expected to persist while the biochar remains in the soil. In contrast, if biochar additions increase
SOC mineralization (positive priming) due to the stimulation of the microbial community by the
relatively small easily-mineralizable fraction of biochar, this effect might be expected to persist only
as long as the easily-mineralizable fraction of biochar exists. Woolf & Lehmann (2012) modeled
these assumptions, modifying the RothC model (Coleman & Jenkinson 2008) to represent posi-
tive priming by changing mineralization rates, and to represent negative priming by changing the
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fraction of C entering the stable carbon pool. The model predicted that negative priming would have
a greater net impact on SOC stocks than positive priming, over 100 years. Archontoulis et al. (2015)
used a similar modeling approach and identified the predicted duration of priming effects as a key
knowledge gap for predicting net effects of biochar on SOC stocks.

In addition to direct biochar—SOC interactions, researchers have begun to investigate interac-
tions between biochar, SOC, and other OM inputs, including litter and plant root C inputs. While
there are still relatively few studies, this research is essential, as complex three- or more-way inter-
actions likely occur in these more realistic systems. For example, Cui et al. (2017) found that biochar
caused positive priming of SOM, but that priming was less than was caused by fresh OM additions,
and when the two were added together, SOM decomposition rates were lower than with fresh OM
alone. Ventura et al. (2015) found that the presence of roots increased biochar decomposition rates.
Weng et al. (2015) found that biochar induced negative priming of SOC when plants were present
but had no effect on SOC mineralization in soils without plants. Similarly, Keith et al. (2015) found
that biochar reduced positive priming effects on SOC by roots. However, this effect was limited
to only one of two soils studied. In contrast, Whitman and Lehmann (2015) found evidence that
biochar may enhance positive priming of SOC by plants, although this effect was just observed at
a single timepoint.

The challenge for researchers in the coming years will be to continue to disentangle the myriad
potential mechanisms that could affect biochar—SOC interactions in real-world systems. Isolating
and testing for specific mechanisms, controlling for or quantifying all potential drivers of priming
in an experiment, and determining when each factor is most important will be key to developing a
predictive understanding of biochar’s effects on SOC stocks. Understanding the underlying mecha-
nisms will improve the ability to predict long-term priming effects of biochar on SOC.

8.5 ALBEDO

The GHG emissions are not the only means by which human activity can influence climate change.
Another forcing mechanism arises from anthropogenic alteration of the Earth’s albedo (the fraction
of incident solar radiation that is reflected). Soil darkening from increased soil C stocks can reduce
the local surface albedo, particularly during bare fallows and while leaf area index is low. While
this is true of any mechanism that increases soil carbon stocks (for example Meyer et al. 2012 found
that compost reduced soil albedo by the same amount as biochar, per unit C), it is nonetheless wor-
thy of discussion in this chapter due to the greater attention that albedo has received in the biochar
literature than in relation to other methods of SOC sequestration.

The earliest published discussion of the impacts of biochar on albedo probably appears in Woolf
(2008), who noted the potential for biochar amendments to lower local surface albedo, and also
for airborne dust from biochar storage, transport, application, and wind erosion to contribute to
tropospheric aerosols and black carbon (BC) deposition on snow and ice. Woolf (2008) also sug-
gested that measures should be taken to reduce airborne dust (such as pelletization of biochar) and
to mitigate potential impacts on surface albedo by limiting applications in regions with light soils
and extended periods of bare soils.

Woolf (2011) provided a first order estimate of the impact of biochar application on albedo at
the global scale, by assuming that the albedo of a soil-biochar mixture is approximately linearly
interpolated between the albedos of biochar and soil, on a volumetric mixing ratio basis. In practice,
the combined albedo of a soil-biochar mixture will also depend on their particle size distributions,
physical interactions such as the coating of biochar particles with mineral deposits or the coating
of soil particles with organic compounds from the biochar, biological effects such as the effect of
biochar on soil microfauna and also on the extent of vertical transport of biochar within the soil
column (Serbin et al. 2009). Nonetheless the linear mixing model provides at least an indication of
the expected order of magnitude and also provides a useful baseline to compare measured albedo
impacts to.
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The global mean albedo of cropland soils is 0.144, derived by combining spatial datasets of soil
albedo (Wilson & Henderson-Sellers 1985) and cropland density (Erb 2007). The albedo of char-
coal is 0.04 (Serbin et al. 2009). Woolf (2011) thus estimated that a 5% v/v biochar-to-soil mixture
(equivalent to 25 g kg~!, or 50 Mg BC ha™! to a depth of 0.15 m) would reduce the mean soil albedo
by approximately 5%. The associated radiative forcing (RF') arising from this change in soil albedo
can then be calculated according to (Lenton and Vaughan 2009):

RF =—0.579S,f.f. o, 8.1)

where S, is the annual mean flux of solar radiation at the top of the atmosphere (342 W m~2); Aa,
is the change in soil albedo; f, is the fraction of the Earth’s surface over which the change in albedo
occurs; and f, is the fraction of surface albedo attributable to soil albedo (which depends on the
vegetation canopy density), estimated to be 0.2 according to Serbin et al. (2009). A 5% reduction
in mean soil albedo thus corresponds to a net radiative forcing of 6 x 10 W m=2, if biochar were
applied to all 1.5 Gha (giga hectare) of global cropland (Woolf 2011). This is equivalent to 1.1%
of the —0.4 W m~2 radiative forcing from avoided CO, emissions attributable to the same biochar
applications (Lenton & Vaughan 2009).

Relatively few studies have quantified the change in soil albedo from biochar additions experimen-
tally, with somewhat variable results. Genesio et al. (2012) measured surface albedo in a winter durum
wheat crop (Triticum durum) following application of biochar (0, 30 and 60 Mg ha'), and incorpora-
tion in the top 0.1 m with a rotary hoe. They found that, in the first year, soil albedo in both the 30
and 60 Mg ha! treatments was 0.062 + 0.001 compared to the contrsol albedo of 0.208 + 0.004. This
marked reduction in albedo (Aa,) on the biochar plots is approximately one order of magnitude greater
than would be predicted by the linear mixing model and corresponds to a soil albedo that is almost as
low as that of pure charcoal (0.04; Serbin et al. 2009). However, Genesio et al. (2012) also found that
Ao, declined to 0.05 after 18 months, and completely disappeared following a second tillage opera-
tion in the second year. The observation that soil albedo was almost as low as pure charcoal in the
first year but became indistinguishable from soil albedo after tillage in the second year suggests that
the profound reduction in albedo in the first year may have been caused by incomplete mixing, with a
higher concentration of biochar remaining at the soil surface. This hypothesis is compatible with the
use of a rotary hoe for biochar incorporation, which is designed for weeding rather than pedoturbation.

Other authors have reported significantly lower values of Aa,than observed in the first year by
Genesio et al. (2012). Oguntunde et al. (2008) found that surface deposits of charcoal remaining at
charcoal production sites 2 to 14 months after cessation of operation produced a Aa, of 0.03 — 0.06.
Meyer et al. (2012) measured Ao, to be 0.01 from 31.5 Mg ha™! biochar tilled to 0.1 m depth in a
wheat field trial in Donndorf, Germany. Notwithstanding the much lower value observed for Aa in
their field trial, Meyer et al. (2012) (“conservatively”) estimated the long term radiative forcing of
albedo by assuming that Ao, in the first year was 65% of the value measured by Genesio et al. (2012)
in the first year, declining to 22% by year 3 and thereafter declining only slowly with a half-life of
500 years. Based on this assumption, Meyer et al. (2012) estimated that the overall climate change
mitigation of biochar could be reduced by 13%—22% by the albedo impact.

Verheijen et al. (2013) found a 0.2% reduction in soil albedo per Mg ha~! biochar application mixed
to 0.15 m depth in wet soils, and a 0.35% albedo reduction per Mg ha™! biochar in dry soils. Based on
these measurements, they estimated a 5%—11% reduction in the mitigation potential of biochar due to
the albedo impact. Verheijen et al. (2013) also found that surface application of biochar without incor-
poration caused a much more profound in decrease in soil albedo that reduced its mitigation impact
by 11%-23%. Similar to Verheijen et al. (2013), Bozzi et al. (2015) measured a 0.25% reduction in
soil albedo per Mg ha~! biochar application. Combining this with time-averaged satellite measure-
ments of surface albedo over agriculture areas with different soil albedos, they estimated the biochar
application rates that would result in the same soil albedo difference as that present between the
different soil types. Based on these inferred equivalent biochar application rates Bozzi et al. (2015)
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calculated that the measured time-averaged radiative forcing for dark soils relative to bright soils of
0.1-2.0 W m~2 would imply a 1.1%-29.7% reduction in the mitigation potential of biochar.

Zhang et al. (2015) found that 45 Mg ha! biochar reduced surface albedo by 23% at seeding of
maize (0.5% per Mg ha™), declining to 20% (0.4% per Mg ha™') in the jointing stage, and no sig-
nificant difference from the heading stage to mature stage. Zhang et al. (2013) observed that 4.5 Mg
ha~! biochar caused a 2%—7% increase in soil reflectance in the 350-495 nm (ultraviolet to blue)
range and a 1%—6% decrease in the 496—2474 nm range.

Usowicz et al. (2016) found that surface application (without incorporation into the soil profile)
of 30 Mg ha™! biochar on grassland reduced surface albedo by 30%, from 0.17 to 0.10 (1% per Mg
ha~! biochar) when the grass was short (0.06 m). When the grass had grown to 0.10-0.15 m height
there was no significant difference in albedo between biochar and control plots, and when the grass
reached 0.15-0.50 m, the effect was reversed with surface albedo increased 15% from 0.20 to 0.23
(0.5% per Mg ha™! biochar). On bare fallow plots, in which 30 Mg ha~! biochar was incorporated
to 0.115 m by rotary tillage, Usowicz et al. (2016) observed a reduction in soil albedo of 0.02—-0.03
(0.5% per Mg ha™! biochar).

The large variability in these results indicates that the effects on albedo are mediated by a num-
ber of both controllable and uncontrollable factors. These include:

* Initial soil albedo, with the albedo of lighter colored soils being reduced more than those
of darker ones.

* Hydrology, with dry soil albedo being reduced more than wet soils.

e Vegetation, with increasing leaf area reducing the impact of soil albedo on surface albedo.
The interaction between vegetation cover, time, and atmospheric diffusivity is also impor-
tant, with bare soil being less important to dark sky albedo at lower solar declination.

* Time, with some evidence that initial reductions in albedo may become negligible after as
little as one year. This may be caused either by vertical transport of biochar into the soil
column away from the surface, and/or coating of biochar surfaces with minerals or OM.

* Depth of incorporation, with mixing of biochar into deeper soil reducing its albedo impact.
As noted by Verheijen et al. (2013), below surface application of biochar would prevent any
albedo reduction but is more expensive and future mechanical soil operations could yet
expose biochar to the surface.

Given that under unfavorable conditions the albedo impact might be a significant part (possibly
up to 30%) of the mitigation potential of biochar, whereas under favorable conditions the albedo
impact is negligible (Figure 8.3), it would be prudent while more long-term data are acquired to take

FIGURE 8.3 Satellite image (April 14, 2017) of bare soil on a biochar field trial in a continuous maize crop-
ping system in New York State (42.7305 N, 76.655 W). Biochar was applied in 2006 at rates of 0 to 50 Mg ha™!
in a randomized block design in the blocks outlined in purple. The field was plowed annually in spring. No
treatment differences in albedo are discernable by the naked eye 10 years after application.
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active measures to limit its importance when planning and implementing biochar systems. Steps
that will mitigate albedo impacts include avoiding surface application without incorporation (par-
ticularly where soil is likely to be bare for an extended period), ensuring thorough mixing of biochar
into the soil, and mixing biochar deeper into the soil. These steps are consistent with optimal use
of biochar to improve soil fertility. Although albedo impacts can also be mitigated by preferentially
using biochar in soils with already lower albedo and/or high vegetation cover, this must be balanced
against the fact that the more degraded soils that can most benefit from biochar typically have lower
OM content that can give them a lighter color. In addition to the potential impacts of biochar on
surface albedo, Genesio et al. (2016) remind us that airborne BC aerosols from wind erosion of
fine particulate BC may not be entirely negligible and note that quantification of this effect has not
received sufficient attention. Pelletization of biochar prior to field application (Woolf et al. 2010) or
charring of pelleted feedstock has been suggested as one way to limit the production of airborne
dust.

It is clear that the albedo impacts of biochar warrant further research, particularly into finding
optimal strategies to mitigate the impact, and into the how changes in soil albedo develop over time
as biochar is translocated vertically or horizontally, and the surface properties of the biochar change
due to coating with minerals and organic matter and occlusion within soil aggregates.

As a final note, it is important to reiterate that albedo reduction is an issue for all types of soil
C sequestration, not only biochar. Although there is little research to quantify the impact of non-
pyrogenic SOM on albedo, Meyer et al. (2012) found no difference between the reduction of soil
albedo by compost or biochar, per unit mass of C added.

8.6 PLANT RESPONSE TO BIOCHAR

Many studies have shown positive responses of crop or biomass yield to biochar amendment,
although negative responses are also sometimes seen (Figure 8.4 and Jeffery et al. 2011; Macdonald
et al. 2014; Mukherjee & Lal 2014). Even though the focus of this chapter is on the climate-change
impacts of biochar rather than on its agronomic use, nonetheless it is pertinent to include a discus-
sion of biochar’s impact on plant growth, because altered rates of plant growth are not only of

Manure Nonwood Wood
Vegetable: Mean = 0.56 5% Mean=033 *H.7%  Mean=02
L Root -I{]};IZ n =86 I 6 p=208 {0 g n=l6l fax,
egume - .8 {30 o
Grass{ I+ 6 I—e6 32 =
Fruit1 o|s16
Forb- -6 —— 019 -8
Cereal{ ®f e=e33 ool oumm o oo o]7] oflrme me o7¢
Vegetilgl)elgz Mean = 0.27 W4 Mean = 0.09
Root+ I+4 n=11 AI-20 p=167
Legume - i 2 T 2 g
Grass - 11 1 &
Fruit-
Forb-
Cereal - + 4 ofes e *140
0 2 4 6 0 2 4 6

Relative yield increase

FIGURE 8.4 (See color insert.) Yield response of crops to biochar additions (difference between biochar
amended yield and control, expressed as a fraction of control yield). Data from 865 treatments from 74 pub-
lished articles are broken down by field trial versus pot trial, by feedstock type (manure, wood or non-wood),
and by crop type. Vertical red line on each panel shows the mean crop response. Mean response and number
treatments for each panel are also given in red text. Numbers shown in blue adjacent to each box indicate the
number of treatments in the sub-category.
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interest from a crop production standpoint, but also affect climate. There are five primary ways in
which the soil fertility and crop productivity impacts of biochar relate to climate-change mitigation:

1. Sustainable intensification of cropping systems from increased yields may reduce pressure
on land use and have a positive impact on indirect land use change (Wicke et al. 2012)
(see also Section 7.4 below).

2. Biochar can improve fertilizer use efficiency, thereby reducing emissions associated with
fertilizer manufacture and transport (Sohi et al. 2010). The manufacture of N fertilizer
emits approximately 3.2 Mg CO, Mg™' N (West & Marland 2002), which is approximately
equal to the 3.0 Mg CO,e Mg! N direct N,O emissions from fertilizer application (Del
Grosso et al. 2006).

3. Increased NPP can increase biomass available for mitigation through increased inputs avail-
able for building SOC stocks (Roberts et al. 2010), producing more biochar (Woolf et al. 2010),
generating bioenergy, or other biomass-based mitigation approaches (Woolf et al. 2016).

4. In perennial (particularly woody) systems, increased NPP can increase biomass carbon
stocks (Scharenbroch et al. 2013; Ghosh et al. 2015; Thomas & Gale 2015).

5. Last, but not least, the value of increased yield and reduced fertilizer requirement is criti-
cal in making biochar systems economically viable (McCarl et al. 2009; Field et al. 2013).
Unless biochar provides a long-term improvement in soil fertility it is not economically
competitive with other uses of the same biomass to provide climate-change mitigation,
such as bioenergy or bioenergy with carbon capture and storage (Woolf et al. 2016).

There are several mechanisms by which biochar can affect crop yields. These include direct
provision of nutrients; altering soil pH; increasing CEC, which in turn can improve fertilizer use
efficiency and thus nutrient uptake for a given fertilizer application rate; and by increasing the water
holding capacity (WHC) of sandy soils or the drainage of clayey soils (Jeffery et al. 2011; Sohi et al.
2010; Atkinson et al. 2010). The impacts of biochar’s nutrient content and liming potential are likely
to be short-lived effects, whereas CEC and WHC impacts are associated with the C matrix provided
by biochar and are likely to persist while the biochar remains. Indeed, the CEC of biochar increases
over time as its surface develops oxygenated functional groups through oxidation from exposure to
oxygen and water (Liang et al. 2006). Effect on WHC varies with soil, biochar, and application rate.
Biochar has been shown to increase WHC by up to 84%, with the greatest increases being on sandy
soils, or to reduce WHC by up to 45%, with the greatest decreases being on clayey soils (Masiello
et al. 2015).

The complex interaction of the various mechanisms by which crop yields are affected means that
biochars have variable impacts on plant growth, depending on the biochar physical and chemical
properties (which in turn depend on both feedstock and production conditions; Enders et al. 2012),
properties of the soil, requirements of the target crop, application rate, depth of incorporation into
soil, and time since application.

Although many studies have measured the impact of biochar on crop yields, the number of
studies that directly investigate the underlying mechanisms driving these responses remains low.
To fill this gap, some meta-analyses have attempted to discern general relationships from the cor-
pus of published data. Jeffrey et al. (2011) found that biochar altered yields by —28% to +39%,
with a mean increase of 10%. In a similar updated meta-analysis with more recent data, Jeffrey
et al. (2015) found the mean yield increase was 18% relative to controls without biochar. Negative
yield responses, where they have been observed, can generally be attributed to use of biochar with
chemical properties that are inappropriate for the soil, crop or production system. Most often this
involves the application of high pH biochar to soils that already have a neutral or alkaline pH, or
the use of biochar whose high C:N ratio and high easily mineralizable -C content can give rise to N
immobilization. These types of negative impacts can be avoided through the provision of appropri-
ate decision-making tools or guidelines to agronomists and farmers. The greatest positive effects

EBSCO : eBook Collection (EBSCOhost) - printed on 11/8/2018 4:10 PM via UNIV OF TENNESSEE - KNOXVILLE
AN: 1769554 ; Lal, R., Stewart, B. A..; Soil and Climate
Account: s2860099.main.web1



Copyright @ 2018. CRC Press.

A1l rights reserved. May not be reproduced in any form without permission from the publisher, except fair uses permitted under U.S. or applicable copyright law.

234 Soil and Climate

on crop yield were seen in acidic to neutral pH soils, and coarse to medium textured soils. Jeffrey
et al. (2011) suggested, on this basis, that the main mechanisms for yield increase may be liming,
improved WHC, and improved nutrient availability. WHC has been shown to The biochar feed-
stocks that showed the greatest yield increase was poultry litter, whereas biosolids were the only
feedstock showing a statistically significant negative effect (Jeffery et al. 2011). Crane-Droesch et al.
(2013) found soil CEC and organic C were the strongest predictors of yield response, with low cation
exchange and low C associated with positive response, and that yield response increased over time
since initial application. Biochar characteristics, on the other hand, were not significant predictors
of yield impact (Crane-Droesch et al. 2013). Woolf et al. (2016) conducted a meta-analysis on a sub-
set of published data that excluded biochars made from manures, thus excluding nutrient provision
as a mechanism for yield impact, with the intention to better understand the extent to which longer
lasting mechanisms affect yield. They found that soil pH and CEC were overwhelmingly the most
important predictors of yield response, with soil texture, biochar carbon fraction, and fertilizer and
biochar application rates of secondary importance.

While these meta-analyses are helpful to shed some light on the mechanisms by which biochar
affects yield, they are of necessity limited by the extent of available published data, with most stud-
ies being only short term (relating to the first or second cropping season following biochar appli-
cation), and the full range of soil and crop types and environmental and management conditions
remaining relatively unexplored.

Notwithstanding these shortcomings in available data and lack of studies specifically designed
to test for mechanisms, some clear patterns are already apparent. It is important in this regard to
take care to distinguish between uncertainty and manageable variability (Lehmann & Rillig 2014),
with much of the observed variation in crop response being attributable to predictable biochar—
soil-crop interactions. Yield benefits are generally greatest in poor soils, especially light-textured
acidic or degraded soils, particularly those with low soil CEC. Although a correlation between
higher crop response and low soil CEC suggests that biochar may offer long term improvement to
the fertility of low CEC soils (Woolf et al. 2016), experimental data on long term effects remain
sparse. Furthermore, in some studies, unfavorable changes in soil chemical, physical and biological
properties, and reductions in crop yields have been reported (Mukherjee & Lal 2014). An improved
understanding of the mechanisms underlying crop response to biochar will help to direct biochar
applications into systems they can most benefit, and also avoid the application of unsuitable types of
biochar in cropping systems where they may do harm.

In conclusion, although there is a substantial body of evidence indicating that biochar can
improve yields in infertile or degraded soils, a high uncertainty remains in the expected long-term
(>3 years) response of specific soil-crop systems to biochar amendments. Further research is needed
to provide long term data on crop response in a variety of soils, cropping systems and agroecologi-
cal zones. A greater focus on research that aims to understand the mechanistic causes of observed
impacts should also be a priority. This will support the development of decision-support models that
can ensure use of different biochar types in cropping systems they can most benefit.

8.7 GHG ACCOUNTING FOR BIOCHAR

Methods for quantifying GHG emissions fluxes from biochar systems are required for GHG inven-
tory, for GHG accounting against performance targets, for C footprint quantification and for cal-
culating abatement at project level. Applicable methods depend on the purpose and the specific
sources and sinks that are included.

8.7.1 GHG INVENTORY AND REPORTING

GHG inventory may include national level inventory undertaken for reporting under the United
Nations Framework Convention on Climate Change (UNFCCC), for which the Intergovernmental
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Panel on Climate Change (IPCC) prepares guidance, and may also refer to organizational inven-
tory, undertaken for sub-national reporting or for regulatory agencies and corporations to establish
compliance or to track progress towards emission reduction goals.

A GHG inventory is usually undertaken on annual basis, estimating all GHG emissions and
removals that occur within the national or organizational boundaries within a specified period. To
avoid double-counting, the inventory is usually confined to those facilities for which the country or
organization has control, that is, to emissions that occur within their boundaries.

National GHG inventory reporting is sector-based, and GHG fluxes associated with biochar sys-
tems will be counted in different sectors: fuel use in the energy sector; C stock changes in biomass
and soil, in the land use, land use change and forestry (LULUCF) sector; and emissions of N,O and
CH, from soils and manure management in agriculture (Cowie et al. 2012). Methods for inventory
and reporting for biochar systems would need to integrate with existing quantification methods for
each of these sectors. Quantification of some sources and sinks is straight forward, while others
require adaptation to recognize the mitigation benefits of biochar. The IPCC publishes Tier 1 default
methods (equations and emissions factors), and many countries have developed Tier 2 (country-
specific emissions factors) or Tier 3 (measured or comprehensively modelled) methods for their key
source categories.

It is important that the national inventory is accurate at the national scale. High spatial precision
is not necessary for national scale assessment of net emissions and progress towards mitigation
targets, although monitoring and verification of spatially heterogeneous C stocks and GHG fluxes
may be facilitated by spatially-explicit reporting. Whether or not high spatial resolution is provided,
comprehensive coverage of emissions sources and sinks is desirable to assist policy-makers in gaug-
ing the success of our collective efforts, globally, to curb emissions.

8.7.2 GHG AcCcoOuNTING

GHG accounting refers to assessing performance with respect to a GHG emissions reduction target,
such as the commitments made by Annex I countries under the Kyoto Protocol. GHG accounting
may be less comprehensive than GHG inventory reporting, as it may focus on certain sources or
sinks targeted by the policy. As with GHG inventory reporting, GHG accounting is usually con-
ducted on an annual basis, and the same quantification methods can be applied. For accounting,
the objective is to ensure that results reflect effort in pursuing agreed mitigation activities, and high
precision is less important.

8.7.3 PrOJECT AND PRODUCT ACCOUNTING

Project-level accounting is undertaken to assess the mitigation benefits of an activity, such as within
emissions trading schemes where abatement activities earn offset credits. The C footprinting quanti-
fies the net GHG emissions associated with a specific product and may be used for product labelling
to inform consumers, or for business-to-business communication to inform downstream customers.
In both cases the intention is to encourage a change in behavior to reduce net GHG emissions. For
each of these applications it is necessary to take a full life cycle approach, considering emissions
and removals across the supply chain and also indirect effects, so that the full climate change
impacts of the biochar system can be quantified. Ideally, all significant emissions sources and sinks
directly or indirectly affected by the activity should be included.

For project- and product-level GHG accounting the most important criteria are that the method
is cost-effective whilst being sufficiently accurate to ensure credibility that abatement has occurred,
to encourage maximum participation and therefore maximum abatement. Methods for project- and
product-level accounting should therefore be as simple as possible, conservative (i.e., tending to
underestimate rather than to overestimate GHG abatement), and readily audited under a verification
process. Methods based on emissions factors linked to specific practices are much more readily
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applied and verified than methods based on physical measurements at the site where biochar is
applied. Project methods must also be widely applicable, or at least their applicability should be
readily specified and assessed. For example, a GHG source may be excluded if the project activ-
ity is restricted to ensure that the source is not a high risk. For example, methane emitted from
biomass decomposition during storage could be minimized by requiring that the biomass is dried
before storage and stored in dry conditions under cover, thereby avoiding the need to quantify CH,
emissions.

To quantify the climate change impacts of a biochar system for carbon footprinting and project-
level accounting it is necessary to quantify the life cycle emissions of the biochar system and the
processes and products that it displaces. For projects, this involves comparing the biochar system
with the “no-biochar” reference scenario (Figure 8.5). Note that Figure 8.1 shows a reference and
biochar system from the perspective of the fate of the biomass. Figure 8.5, in contrast, illustrates the
services supplied by biochar system, and the corresponding provision of the same services in the
reference system. The reference, also known as baseline, could be the situation at start of project,
a BAU (business as usual) projection, or a forward counterfactual that envisages the no-biochar
future. In research, or to inform policy development, it can be enlightening to compare several
alternative scenarios.

Carbon footprinting of products is based on LCA methodology, which is standardized through
ISO (ISO 2006a,b, 2013). LCA is commonly undertaken using proprietary or open source LCA
software that facilitates the construction of models, access to databases of inventory data, and
agreed models for analysis.

LCA approaches can be distinguished as consequential (CLCA) or attributional (ALCA). CLCA
considers the direct and indirect effects of producing an additional unit of the product, while ALCA
quantifies the impacts of the average unit of production, focusing on the direct supply chain emis-
sions. CLCA applies system expansion and substitution to handle co-products, giving the studied
product a credit for emissions avoided due to products displaced by the co-product (ISO 2015).
ALCA handles co-products through allocation, dividing the supply chain emissions between the
different products according to economic value or physical features such as energy content or mass.
CLCA gives more accurate results, though often with greater uncertainty, and is recommended for
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FIGURE 8.5 Project-level GHG accounting compares the life cycle emissions from the biochar system with
those of the reference system providing the same services.
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policy development (Brandio et al. 2014). ALCA is often employed for policy implementation, as it
is considered easier, and more appropriate because it reflects the emissions and removals over which
the operator has control.

8.7.4 MetHODS FOR QUANTIFYING GHG FLUXES FROM BIOCHAR SYSTEMS

Biochar systems can affect sources and sinks, and can contribute to abatement through carbon
sequestration, direct reduction in GHG emissions, and indirect reduction in GHG emissions. Below,
each of these processes is considered with respect to its readiness for inclusion in GHG accounting,
and, for abatement processes considered ready, a method for quantification is briefly described.

8.7.4.1 Carbon Sequestration

Increased persistence: Biochar systems that include the production of biomass and production
of biochar remove CO, from the atmosphere and sequester C in pyrolysed biomass, which is
more persistent than the raw biomass, thus delaying emissions for tens to thousands of years,
as described in Section 8.2. Stabilization of biomass C is the most important contributor to
abatement in most LCA studies of biochar systems (Cowie et al. 2015). Budai et al. (2013)
reviewed alternative methods to assess the persistence of biochar, and concluded that H:C,,,
ratio is a suitable measure for application in project-level accounting. They proposed the
metric BC,,y, the quantity of biochar C remaining after 100 years and defined cut-offs at
0.4 and 0.7 in order to identify stability classes: for an H:C,,, value lower than or equal to 0.4,
which is considered “highly stable”, at least 70% of the biochar C is predicted to remain in
soil for 2100 years (BC,,o, = 70%), whereas for an H:C,,,, value greater than 0.4 and lower than
or equal to 0.7, considered “stable,” a BC,,,, of 50% can be conservatively expected.

This method for estimating abatement has several advantages. First, the method can be
applied to any biochar technology and production conditions (kiln temperature, heating
rate and residence time); these factors will affect biochar persistence, and these impacts
will be reflected in the measured persistence. Second, it can be applied at the point of
production of the biochar, and so does not require a mechanism to track the fate of the
biochar. However, it is necessary to ensure that the biochar is not combusted, such as for
cooking fuel. This can be assured when the biochar is produced from biomass mixtures
that include manure, for example. With clean feedstocks, measures may be required to
confirm application to soil.

Negative priming: As discussed in Section 8.4, biochar addition to soil can delay the decom-
position of native SOM and newly added add OM, such as plant litter and root exudates.
While negative priming has been demonstrated in several soil types, agricultural systems
and environments, knowledge is currently too immature to allow this benefit to be pre-
dicted in GHG accounting. A change in SOC stock could be measured directly, through
soil sampling and analysis such as applied to other soil C enhancement projects (for
example, the Australian Emissions Reduction Fund methodology, Australian Government
2014). Care should be taken to avoid double-counting: if C persistence is estimated as in
1a, then the amount of C added in biochar should be deducted from the measured C stock.
If an offsets credit is granted on the basis of measured changes, then the permanence of
that sequestration needs to be assured through a program that requires maintenance of the
sequestered C. Permanence measures can include a make-good requirement in the event of
loss; a buffer of unsold abatement; or measures that allow the maintenance obligation to be
transferred to other sequestration activities.

Increased plant growth: Biochars have variable impacts on plant growth, depending on
the feedstock, properties of the receiving soil and requirements of the target crop, and
negative responses are sometimes seen (Section 8.4 above and Macdonald et al. 2014).
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Yield benefits are generally greatest in poor soils, especially light-textured acidic or
degraded soils. Because the result varies with soil type, biochar type, crop, and rate of
application (see Section 6), it is not possible to provide a generically-applicable method to
estimate response. Measured increase in plant growth could be included in the calculation
of project abatement, expressed as the increase in average C stock.

8.7.4.2 Emissions Reduction

Reduced nitrous oxide emissions from soil: Application of biochar can reduce emissions
of N,O from soil, through a range of mechanisms discussed above (section 3), with
meta-analysis showing an average reduction of 54% (Cayuela et al. 2014). Cayuela et al.
(2015) have identified a relationship between decrease in N,O emissions and the molar
H/C,,, and N/C,,, ratios of the biochar, which hold promise as a basis for a quantifica-
tion method similar to that used to estimate carbon stability. However, given that the
long-term persistence of the N,O abatement has not been well established, conservative
accounting of N,O impacts would assume that it is a short-lived effect (Section 8.3).

Reduced fuel use: Biochar can enhance water holding capacity, thereby reducing the need for
pumping irrigation water, and may reduce soil strength, decreasing fuel use. These effects
cannot readily be generalized. Other factors could increase fuel use in the biochar system
compared to the reference system: collection and processing of biomass, construction of
pyrolysis facilities, transport of biochar. To the extent that reduction in use of electricity
and/or liquid fuels relative to the reference system can be documented, a reduction in GHG
emissions could be included in project accounting.

Reduced emissions during composting: Adding biochar to compost can reduce emissions
of CH, and N,O during composting (e.g., Agyarko-Mintah et al. 2016). However, there is
currently insufficient knowledge to develop a model to estimate this reduction, and direct
measurement is impractical on a routine basis.

8.7.4.3 Indirect Avoided Emissions

Avoided fossil fuel use: Pyrolysis gases can be used to displace fossil fuels for heat and elec-
tricity. [IPCC Tier 1 or national Tier 2 emission factors can be used with activity data to
quantify avoided emissions.

Avoided biomass decomposition: Pyrolysis of biomass may avoid emissions of CH, from the
decomposition of biomass such as manure that would otherwise be stockpiled, crop resi-
dues that would be burned or processing residues that would be landfilled. IPCC methods
(equations and emission factors) used to quantify these emissions sources can be used to
estimate emissions avoided.

Reduced fertilizer manufacture: Biochars can reduce the requirement for chemical fertil-
izer by enhancing NUE. If a reduction in chemical fertilizer use per unit crop produced can
be demonstrated, avoided emissions from fertilizer production could be calculated using
life cycle inventory data for the specific fertilizer products avoided.

There are also factors that reduce the abatement that must be included:

Emission from pyrolysis: CH, and N,O emissions are produced during pyrolysis at variable
rates depending on the design of the facility, feedstock properties and skill of the opera-
tor. For small scale facilities such as cookstoves and drum ovens, a conservative estimate
of emissions based on published literature (MacCarty et al. 2008; Whitman et al. 2011;
Sparrevik et al. 2015) should be included. For larger scale facilities, gases should be flared
or combusted to produce heat or electricity. Furthermore, emissions should be measured
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to establish the average emissions for each feedstock processed at the facility, and these
emissions should be deducted from the calculated abatement.

Positive priming: Positive priming, that is, the stimulation of turnover of native SOC has been
suggested to reduce the climate-change mitigation benefits of biochar systems (Wardle
et al. 2008; Luo et al. 2011). However, more recent research (reviewed by Whitman et al.
2015b and discussed above in section 4), suggests that positive priming is not likely to
cause a significant loss of abatement in mineral soils. However, acknowledging the small
risk of positive priming it is conservatively suggested that the quantity of biochar C stabi-
lized should be discounted by 5%, as proposed by Koper et al. (2013).

Carbon stock loss in biomass and soil: If additional biomass is harvested for biochar, this
may lead to a reduction in biomass C or soil C at the harvest site. Any reduction in average
C stock should be included the calculation of abatement.

Indirect land use change (iLUC): If biomass crops are grown to produce biochar the biomass
crops may displace other crops producing food, feed or fiber. The continued demand for
these crops may lead to land use change elsewhere to provide land for these crops. iLUC is
challenging to prove or quantify, so it is difficult to include in the quantification of abate-
ment at project level. Because of this difficulty in quantification, current international stan-
dards for LCA and climate finance do not require the inclusion of iLUC (Finkbeiner 2014).
Nevertheless, some biochar studies have estimated iLUC (e.g., Roberts et al. 2010), and meth-
ods for inclusion of iLUC in LCA have been proposed (Schmidt et al. 2015). iLUC risk can be
avoided by using biomass residues for biochar production. Risk of iLUC should be assessed
and iLUC should be included in a sensitivity analysis in studies conducted to inform policy
(Muifioz et al. 2015). Ideally, iLUC associated with biochar should be investigated in com-
prehensive global modelling using partial or general-equilibrium economic models that take
into consideration market-mediated interactions between land use, energy sector, food prices
and other macroeconomic indicators of production, consumption and trade. Equilibrium
models such as FAPRI-CARD (Food and Agricultural Policy Research Institute - Center
for Agricultural and Rural Development), GCAM (Global Change Assessment Model), and
GTAP (Global Trade Analysis Project) that account for factors such as land, food, fiber and
energy prices, maps of land suitability, proximity to transport infrastructure and existing
crop production have been applied previously to the question of quantifying iLUC due to bio-
fuels (Searchinger et al. 2008; Hertel et al. 2008; Schmidt et al. 2015; Flugge et al. 2017), and
could be applied also to biochar systems. Despite the inherent, and possibly intractable, dif-
ficulties in rigorously quantifying iLUC impacts of specific projects, the general philosophy
outlined above that GHG accounting should be conservative indicates that either (a) iLUC
should be accounted for with a sensitivity analysis that includes conservative estimates in its
range, or (b) projects should demonstrate that iLUC is not a risk, because non-competitive
biomass such as unused crop or forestry residues is being sourced as feedstock.

8.7.5 Summary oF GHG AcCCOUNTING FOR BIOCHAR

Quantification of GHG fluxes differs depending on the purpose. National inventory applies IPCC
methods to quantify annual emissions and removals. In contrast, GHG accounting for biochar proj-
ects compares the life cycle emissions and removals for a biochar system with those for a refer-
ence system providing the same services. Ideally, methods for project-level accounting are based
on cost-effective methods utilizing scientifically-based models. Biochar knowledge has improved
markedly over the last decade, providing the basis for estimation methods for the key processes that
contribute to abatement. Thus, the molar H:C,,, ratio has been proposed as a simple indicator of C
persistence, with the BC,,, the quantity of biochar C remaining after 100 years, proposed as the
metric to distinguish “highly stable” and “stable” biochars. The molar H:C,,, and N:C,,, ratios also

appear to provide a suitable basis for estimating the reduction in N,O emissions from soil, although
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the longevity of such impacts remains uncertain. Other abatement processes including reduction in
emissions from manure handling, fuel use in irrigation and cultivation, and fertilizer manufacture can
be estimated using emissions factors, life cycle inventory data and activity data. Inclusion of negative
priming and enhanced biomass production will require on-site sampling and measurement, which
will substantially increase transaction costs and effort required for GHG estimation and verification.

8.8 DISCUSSION AND CONCLUSIONS

8.8.1 EviDENCE-BASED Policy

The discussion presented in this chapter shows that, although many uncertainties remain, nonethe-
less a large body of evidence has been developed in the scientific literature over the last decade
which allows us to move forwards with some clear policy guidelines. Although some data are still
lacking to predict the climate-change mitigation performance of biochar in all environmental con-
ditions, soils types and management systems, enough is known now to design biochar systems that
adopt best practice recommendations and are applied in soils and cropping systems where a positive
outcome is expected. The data presented in this chapter provides clear guidance on what types of
best management practices (BMPs) will ensure that biochar projects avoid the potential pitfalls of
negative impacts. These recommendations include:

1. Use of pyrolysis temperatures and/or reaction times that are high enough to create biochar
that is sufficiently persistent to guarantee carbon sequestration over centennial timescales
or longer. The H:C,,, ratio of the biochar providing a simple and reliable proxy for its per-
sistence, with values less than 0.4 indicating high persistence.

2. The same pyrolysis conditions that offer improved biochar persistence also tend to offer
the best mitigation of soil N,O emissions, although the longevity of this impact remains to
be proven.

3. Surface application of biochar without incorporation should be avoided, as this may
lead to reductions in albedo that have a warming effect on the climate and may give
rise to airborne dust. Additionally, incorporation of biochar will increase its agronomic
effectiveness.

4. Soil fertility and crop productivity benefits of biochar will be optimized by applying bio-
char in soils that have some combination of low CEC, low SOM, low pH and low WHC,
as these are the primary constraints that can be alleviated by biochar. The corollary is
that adding high rates of biochar to soils with high pH can suppress yields and should be
avoided, and adding biochar to soils that already have high CEC is unlikely to show any
benefits in cycling or availability of nutrients.

5. The same pyrolysis conditions that optimize persistence and N,O abatement will also
eliminate the risk of lowering crop yield through nitrogen immobilization arising from
easily mineralizable OM with a high C:N ratio.

6. Use of biomass feedstocks that are non-competitive with other demands will avoid emis-
sions associated with direct or indirect land use change.

Existing GHG accounting life cycle assessment methodologies provide a sound basis to develop
accounting methodologies for biochar, and there is sufficient evidence to parameterize the meth-
odologies for biochar systems using conservative estimates. Thus, despite remaining uncertainties,
use of conservative values means that we can confidently move forwards with biochar assessment
protocols that estimate the lower range of potential mitigation impacts. Using this approach is pru-
dent in that it provides assurance that biochar projects should perform better rather than worse than
predicted, thus reducing or eliminating the risk that anticipated climate abatement goals will not
be achieved.
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It is also clear from the evidence provided in this chapter that policy development must be
informed by comprehensive analyses that include biophysical, economic and social factors, so that
market-mediated effects are also included. Policy development should also model a range of alter-
native scenarios to fully understand the range of possible outcomes for a given policy and also to
compare predicted outcomes from a range of alternative policy options.

With regard to informing climate change mitigation policy at the regional or global scales, there
is a clear need to include biochar in Integrated Assessment Models (IAMs) (Smith 2016; Woolf
etal. 2016). Use of IAMs is the best way to understand where biochar fits into an overall portfolio of
mitigation options in terms of both its technical and economic performance. IAMs and/or general
equilibrium models will also provide the best means to assess potential impacts of biochar policy
frameworks on broader outcomes such as land use and land use change, and on food and energy
prices.

8.8.2 CoNcLUSION

In summary, it is concluded that biochar offers high potential as a climate change mitigation tech-
nology, but that careful design and monitoring of projects, policy frameworks, and agricultural
extension advice will be required to optimize results and to avoid negative outcomes from poor
implementation practices. Robust and conservative GHG accounting methodologies can already
be applied based on the existing evidence base and LCA. These accounting methodologies can be
improved over time by ongoing research, particularly with respect to improving predictability of
long-term impacts on priming, soil N,O emissions, and crop yield responses. However, the large
body of scientific evidence that has been accumulated over the last decade means that well-designed
biochar projects can already be deployed at low risk while we continue to learn more about the
mechanisms involved.

ACRONYMS

C Carbon

Core Organic carbon

N Nitrogen

H Hydrogen

(0] Oxygen

N,O Nitrous oxide

CH, Methane

CO, Carbon dioxide
CO,e Carbon dioxide equivalent
SOM Soil organic matter
SOC Soil organic carbon

NUE Nutrient-use efficiency
GHG Greenhouse gas

LCA Life cycle assessment
NPP Net primary production
CEC Cation exchange capacity
OM Organic matter

MRT Mean residence time
PAH Polyaromatic hydrocarbon
NO; Nitrate

BC Black carbon

RF Radiative forcing

WHC Water holding capacity

EBSCO : eBook Collection (EBSCOhost) - printed on 11/8/2018 4:10 PM via UNIV OF TENNESSEE - KNOXVILLE
AN: 1769554 ; Lal, R., Stewart, B. A..; Soil and Climate
Account: s2860099.main.web1



Copyright @ 2018. CRC Press.

A1l rights reserved. May not be reproduced in any form without permission from the publisher, except fair uses permitted under U.S. or applicable copyright law.

242 Soil and Climate

UNFCCC United Nations Framework Convention on Climate Change
LULUCF Land use, land use change, and forestry

IPCC Intergovernmental Panel on Climate Change
BAU Business as usual
ISO International Standards Organization

CLCA Consequential LCA

ALCA Attributional LCA

iLUC Indirect land use change

LUC Land use change

FAPRI Food and Agricultural Policy Research Institute
CARD Center for Agricultural and Rural Development
GCAM  Global Change Assessment Model

GTAP Global Trade Analysis Project

IAM Integrated Assessment Model
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