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GLOSSARY

Bespoke biochar: (conceptual): For the purpose of this report, biochar can be described as
bespoke if it has been produced under conditions optimised toward delivery of a particular
function in soil, such as maximum biological stability, maximum agronomic benefit, mitigation
of trace gas emission, etc., or any combination of the same.

Biochar (see also Char, Charcoal): In this report, biochar is the porous carbonaceous solid
produced by thermochemical conversion of organic materials in an oxygen depleted
atmosphere which has physiochemical properties suitable for the safe and long-term storage
of carbon in the environment and, potentially, soil improvement. There are other definitions
both more and less specific, such as that used by the International Biochar Initiative (1Bl).

Biomass: The biodegradable fraction of products, waste and residues from agriculture
(including vegetal and animal substances), forestry and related industries, as well as the
biodegradable fraction of industrial and municipal waste (OPSI, 2004).

Black carbon: The continuum of solid combustion products ranging from slightly charred
degradable biomass to highly condensed, refractory soot. All components of this continuum
are high in carbon content, chemically heterogeneous and dominated by aromatic structures
(Masiello, 2004).

Carbon abatement (CA): Defined for this report as the net effect of changes in greenhouse
gas fluxes that result from the production and application of biochar. This can include any or
all of the following: carbon stored in biochar; carbon and CO, released during pyrolysis;
offset CO, emissions arising from avoided fossil fuel combustion; offset carbon emissions
from reduced chemical inputs to agriculture; suppression of nitrous oxide and/or methane
through biochar addition to soils; accumulation of carbon in soil organic matter arising from
enhanced Net Primary Productivity; and offset carbon emissions from reduced operations in
the field. Which of these components is included will be specified in the text.

Carbon abatement efficiency (CAE): The net carbon equivalent abatement delivered for a
given function unit (e.g. processing of a unit of feedstock, delivery of a kWh of electricity or
heat, utilisation of a given area of land, etc.).

Carbon credit: Any mechanism for allocating an economic value to a unit of carbon
(dioxide) abatement. The most common units are EU Allowances (EUAs) (under the EU
ETS), Emission Reduction Units (ERUs) (Joint Implementation, UNFCCC), Certified
Emission Reductions (CERs) (Clean Development Mechanism, UNFCCC), and Verified
Emission Reductions (VERSs) (voluntary carbon market).

Carbon (dioxide) equivalent: Common measure of global warming potential constructed by
converting the emissions of the six ‘Kyoto’ greenhouse gases into the equivalent radiative
forcing units of CO..

Carbon sequestration: The process of removing carbon from the atmosphere and
depositing it in a reservoir (UNFCCC, 2009).

Carbon Stability Factor (CSF): The proportion of the total carbon in freshly produced
biochar which remains fixed as recalcitrant carbon over a defined time period (10 years, 100
years, etc. as defined). A CSF of 0.75 means that 75% of the carbon in the fresh biochar
remains as fixed carbon over the defined time horizon and that 25% of the carbon has been
converted into CO..

Certified Emission Reduction (CER): Carbon credits issued under the Clean Development
Mechanism (CDM) for emission reductions achieved by CDM projects, and verified under
the rules of the Kyoto Protocol and UNFCCC COP/MOP. They may be used to a limited
extent by Annex 1 countries in order to comply with their emission limitation targets, or by
operators of installations covered by the European Union Emission Trading Scheme
(EU ETS) to comply with their obligations to surrender EU Allowances.



Char (see also Biochar, Charcoal): For the purpose of this report, char is the solid, possibly
composite, product of pyrolysis in general.

Charcoal (see also Biochar, Char): For the purpose of this report, charcoal is the solid
product of natural fire and traditional biomass conversion under partially pyrolytic conditions
without yielding bioenergy co-products.

Clean Development Mechanism (CDM): A Kyoto Protocol mechanism that allows Annex |
Parties to purchase emission reductions from projects in non-Annex | Parties that reduce or
remove emissions. The emission allowances from CDM projects are called certified emission
reductions (CERs) (UNFCCC, 2007).

Delivered energy: Amount of useable energy delivered to the end-user

Global warming potential: The cumulative radiative forcing effects of a gas over a specified
time horizon resulting from the emission of a unit mass of gas, relative to CO,

Half life: The time that elapses before half of the biochar decomposes and can be obtained
by multiplying the mean residence time by the natural logarithm of 2 (Lehmann and Joseph,
2009).

Leakage: The net change of anthropogenic emissions by sources of greenhouse gases
(GHG) that occurs outside the project boundary, and which is measurable and attributable to
the project activity (UNFCCC, 2007).

Macropore: See porosity.

Mean residence time (MRT): Inverse of decay rate, this is the average time for which
carbon in new biochar remains present in a stabilised aromatic form.

Mesopore: See porosity.
Micropore: See porosity .

Net primary productivity (NPP): A measure of plant growth and the additional CO, fixed
and stored into plant biomass over a period of, for example, one year; technically it is
calculated as the balance between photosynthesis and respiration

Non-virgin biomass resource: Any biomass that does not fall under the definition of virgin
biomass resource.

Oven dry: Freshly harvested biomass and particularly some waste biomass resources are
moist or wet; biochar has a high affinity for moisture due to its microporous structure; it is
therefore important to indicate at which temperature (if any) such materials have been dried
when expressing test results on a feedstock or product mass basis. Oven dry in this report
and conventionally indicates drying at 105°C and reliably removes almost all moisture; air
drying is much less complete and much more variable between materials as it depends on
materials porosity, air temperature and humidity. Note that oven-dry material may acquire
moisture over time, initially quite rapidly in the right ambient conditions.

Polycyclic aromatic hydrocarbons (PAH): Aromatic hydrocarbons containing more than
two unsubstituted benzene rings. Some PAHs are strong carcinogens, i.e. benz(a)pyrene
and benz(a)anthracene.

Porosity: In general terms, the volume of pores or interstices in a material, as a proportion
of the total volume. Since porous materials tend to show inconsistency and non-uniformity in
the diameter of their pores or their number per unit volume, there are many functional
measures of porosity such as connectivity and neck diameter, and pore-size distribution
rather than mean pore diameter. Categorisation of pores into ‘large’ (macro), ‘medium’
(meso) and ‘small’ (micro) is context specific: in material science their minimum diameters
are <2 nm, 2-50 nm, >50 nm (Rouquérol et al.), whereas in soil science functionality may be
considered at scales relevant to the microbial cell (approximately 1 um diameter). In this
report absolute size ranges are indicated where possible.
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Priming: Accelerated decomposition of soil organic matter from introduction of biochar
(biochar priming of soil carbon), or accelerated decomposition of biochar by proximity to
labile substrates in soil (substrate-primed decomposition of biochar).

Pyrolysis-Biochar System (PBS): A combination of a specified pyrolysis technology,
transport, distribution and storage infrastructure and application of biochar. See table SPM1
for definitions of fast and slow pyrolysis.

Specific surface area (SSA): Material property of solids reflecting total surface area per unit
mass or bulk volume, and of importance to adsorption and surface reactions. It is typically
derived experimentally by adsorption, a method referred to as BET (initials of the inventors).
This accounts for area of fine structure surfaces and deep texture, but results differ markedly
depending on the substance adsorbed, which is typically nitrogen gas.

Renewable obligation certificate (ROC): Certificates issued to accredited electricity
generators for eligible renewable electricity generated and supplied within the UK. Between
0.25 and 2.0 ROCs are issued for each MWh of eligible renewable output generated,
depending on the source of the renewable electricity. The Renewables Obligation under
which the certificates are issued obliges UK suppliers to source an increasing proportion of
their electricity from renewable sources; for 2008-9 this figure was 9.1% (3.0% in Northern
Ireland).

Terra preta: Localised soils, intensively studied, whose dark colour appears to result from
historic and prolonged management with charcoal, probably for the enhancement of
agricultural productivity in and around the Amazon Basin.

Virgin biomass resource: Biomass derived from whole plants and trees or from the
processing of virgin biomass, where this does not involve chemical or biological
transformation, amendment or treatment.
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ACRONYMS AND ABBREVIATIONS

AD
ALULUCF
AFOLU
APS
BEAT
BESP
ca.

CA
CAE
cccC
CCS
CDW
CEF
CH,
cal
CLO
CO,
DECC
eq

EA
EPA
EPSRC
GHG
Gt
GWP
HSE
IPCC
IQR
kg
kWh
LCA
MAC
MBT
MSW

Anaerobic digestion

Agriculture, land-use, land-use change and forestry
Agriculture, Forestry and Other Land Use
Assured Produce Scheme

Biomass Environmental Assessment Tool
Break-even selling point

circa (approximately)

Carbon abatement

Carbon abatement efficiency

Committee on Climate Change

Carbon Dioxide Capture and (Geological) Storage
Commercial and demolition waste

Carbon emission factor

Methane

Commercial and industrial (wastes)

Compost-like outputs

Carbon dioxide

Department for Energy and Climate Change
equivalent

Environment Agency

Environmental Protection Agency (USA)
Engineering and Physical Sciences Research Council
Greenhouse gas

Gigatonne (1 billion, i.e. 10° tonnes)

Global warming potential

Health and Safety Executive

Intergovernmental Panel on Climate Change
Inter-quartile range

kilogram

kilowatt hour

Life Cycle Assessment

Marginal abatement cost

Mechanical and biological treatment (of municipal waste)

Municipal solid waste
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MVAR
MW
MWh
N.O
NO;
NH,*
NIEA
NIR
NVZ
o.d.
PAH
PBS
PCB
PM;,
PU
ppmv
RDF
ROC
scc
SEPA
SOC
SOM
SPM
SPS
UKBRC
UK GHGI
UNFCCC
VCS
WFD
wWID

Monitoring, verification, accounting and reporting
megawatt

megawatt hour

Nitrous oxide

Nitrate

Ammonium

Northern Ireland Environment Agency
National Inventory Report

Nitrate vulnerable zone

oven dry

Polycyclic aromatic hydrocarbon
Pyrolysis—biochar system

Polychlorinated biphenyl

Particles <10 um diameter

Pyrolysis unit

parts per million by volume
Refuse-derived fuel

Renewable Obligation Certificate
Stabilisation of plant captured carbon
Scottish Environmental Protection Agency
Soil organic carbon

Soil organic matter

Summary for Policy Makers

Single Payment System

UK Biochar Research Centre

UK Greenhouse gas Inventory

United Nations Framework Convention on Climate Change
Voluntary Carbon Standard

Waste Framework Directive

Waste Incineration Directive
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EXECUTIVE SUMMARY

What is biochar? Biochar is a porous carbonaceous solid produced by thermochemical
conversion of organic materials in an oxygen depleted atmosphere which has
physiochemical properties suitable for the safe and long-term storage of carbon in the
environment and, potentially, soil improvement. For the purpose of this report, we define a
sustainable biochar system as one which: a) produces and deploys biochar safely and
without emitting non-CO, greenhouse gases; b) reduces net radiative forcing; and c) does
not increase inequality in access to and use of resources. Systems which meet the above
criteria do not exist at demonstration or commercial scale at the current time, and do not
include traditional charcoal production (implicitly or explicitly encompassed by other
definitions).

How stable is biochar? Biochar comprises stabilised plant material in which carbon is
stored mainly in a highly recalcitrant chemical form. Although little research has been
published on the long-term stability of biochar, studies suggest a mean residence time
(MRT) for charcoal in soil in the order of millennia, compared to 50 y for bulk soil organic
matter. By analogy to charcoal, biochar could provide an effective long-term store of carbon
in soil, and thus provide an abatement option for anthropogenic carbon emissions.

As yet, there is no agreed-upon methodology for calculating the long-term stability of
biochar. This is a major weakness in the case for carbon storage in biochar since re-return of
carbon as CO; into the atmosphere on too short a timescale could exacerbate, rather than
alleviate, climate change. Nevertheless, there are gounds for believing that a focused
research effort over the next five years should be able to make rapid progress on
development of methods for determining the longevity of carbon storage in biochar.

What are the potential benefits of biochar in soil? Charcoal and biochar addition to
tropical soils has been shown to improve crop yields, sometimes dramatically. In more fertile
soils, or in soils that receive high levels of external inputs, and are not liable to water-stress,
the corresponding impacts of biochar (and charcoal) on agronomic performance have yet to
be demonstrated. Emerging evidence from field trials using charcoal in the UK, and other
temperate countries, indicates a modest benefit to the limited number arable systems tested
so far. The most important beneficial functions of biochar are listed below.

a) pH, mineral nutrients and labile carbon: The typically alkaline pH and mineral
constituents of biochar (ash content, including N,P,K and trace elements) could
provide important agronomic benefit in many soils, at least in the short- to medium-
term, during which time small labile fractions of organic carbon might also be
important. Confidence in the evidence base: moderate.

b) Water retention: Elsewhere in the world, particularly in poorer-quality sandy or silty
soils, the addition of charcoal has been demonstrated to enhance crop yield. This is
likely to result, in part, from the enhanced water retention of a typically porous
material. Confidence in the evidence base: low.

c) GHG suppression, limiting diffuse water pollution: Other beneficial properties of
biochar have been proposed: suppression of soil-based emission of nitrous oxide (a
potent greenhouse gas) and prevention of diffuse water pollution through ammonium
sorption, or mediation of the dynamics of soil solution containing nitrate, phosphorus,
and other nutrients. The evidence for such effects is still sparse in the peer-reviewed
literature and non-peer reviewed reports are not entirely consistent. Confidence in
the evidence base: very low.

d) Long term impacts: A combination of physical and chemical properties may be
sufficiently and fundmentally altered that a sustained change in microbial community
results, with altered and potentially more efficient patterns of carbon utilisation and
nutrient cycling. Confidence in the evidence base: very low.
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What are the risks arising from using biochar?

a) Contaminants: if the feedstock contains potentially toxic elements (in particular heavy
metals) they will be retained during thermochemical conversion, hence will remain in the
ash contained in the biochar. During conversion, organic compounds called polycyclic
aromatic hydrocarbons (PAHs) can be generated. Some PAHs, such as benzo(a)pyrene,
are carcinogenic and their content in food substances is strictly regulated. The longevity
and soil impacts of PAHs (which are present already in most soils, especially those close
to urban areas) are not well known. Care must be taken in the feedstock selection and in
the operation of the thermochemical conversion to ensure that the risks to the
environment and human health are properly assessed and managed. Confidence in the
evidence base: medium (potentially toxic elements) to very low (PAHSs).

b) Damage to soils: Shifting large amounts of biochar onto fields could cause soil
compaction, but the land-owner or tenant will limit this risk. Biochar could have some
slow or relatively subtle negative impacts on soils that have not currently been
recognised, with the majority of the research focusing on establishing potentially
beneficial effects. Confidence in the evidence base: low.

c) A possible ‘priming effect’: An accelerated decomposition of soil organic matter
from the introduction of biochar has been proposed in the context of charcoal added to
forest humus (Wardle et al., 2008). Methodological limitations to the study have been
debated (Lehmann and Sohi, 2008), but a mechanism to support the enduring
enhancement of decomposition in mineral-dominated agricultural soils has yet to be
proposed. Indeed, work studying the fate of organic matter added to terra preta soils
reported that the presence of ancient anthropogenic charcoal seemed to increase its
stabilisation, and therefore the accumulation of soil organic matter (Liang et al., 2010).
Confidence in the evidence base: low to very low.

d) Feedstock availability and-use impacts: It has been claimed by some
environmental organisations that biochar would encourage plantations with deleterious
environmental and social impacts. Given the tightly-woven controls over land-use in the
UK, it is very unlikely that this would occur in the UK and importing large amounts of
biochar from overseas is hard to envisage. There is increasing competition for organic
feedstocks in the UK and policy incentives need to be designed to promote their
sustainable and efficient use. Confidence in the evidence base: high.

Life Cycle Assessment (LCA) of pyrolysis-biochar systems (PBS) in this report suggests
abatement of 1.0-1.4 t CO,eq per oven dry tonne (t' 0.d.) feedstock used in slow pyrolysis.
Expressed in terms of delivered energy PBS abates 1.5-2.0 kg of CO.eq kWh™', which
compares with average carbon emission factor (CEF) of 0.5 kgCO,eq kWh™ for the national
electricity grid in 2008, and current CEF for many biomass feedstocks of 0.05—
0.30 kgCO,eq kWh™'. Expressed in terms of land-use, PBS might abate approximately 7—
30t CO.eq ha™ yr' using dedicated feedstocks compared with typical biofuel abatement of
between 1-7t CO.eq ha” yr'. By each of these measures PBS appears to offer a more
efficient way to abate carbon than alternative uses of biomass feedstock, or land to grow
such feedstocks. The largest contribution to PBS carbon abatement (40-50%) is from the
feedstock carbon stabilised in biochar. The next largest contribution (25—-40%) arises from
the more uncertain indirect effects of biochar in the soil (reduced fertiliser needs, reduced
No.O emissions, increased soil organic matter, etc.). Finally, off-setting emissions from fossil
fuels accounts for 10-25%. The carbon abatement efficiency of PBS depends, however, on
the Carbon Stability Factor (CSF) of biochar, which is the proportion of total carbon in freshly
produced biochar that remains fixed as recalcitrant carbon over a defined time period. The
LCA in this report suggests that provided the CSF remains above 0.45, PBS will out-perform
direct combustion of biomass at 33% efficiency in terms of carbon abatement, even if there
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is no beneficial indirect impact of biochar on soil greenhouse gas (GHG) fluxes, or
accumulation of carbon in soil organic matter.

Economic evaluation in this report has provided data on costs of producing, transporting,
storing and delivering biochar to the field. A range of values from £0-430t" biochar was
derived, according to diverse feedstock, pyrolysis unit costs (capital and operational) and
storage requirements. It was not attempted to provide figures for the agronomic and other
soil-related costs and benefits that might arise from use of biochar, due to a lack of reliable
data upon which to base any estimates. Lowest price biochar will likely arise from large-
scale production units using non-virgin biomass wastes that already have to be managed,
such as wood, green and food wastes and sewage sludge (£0-200 t"). Use of such material
in soils will potentially pose higher risks, however, and face greater regulatory controls. We
do not currently know whether this material would meet the requirement of biochar to be safe
and to improve soils.

Less controversial, and requiring fewer regulatory controls, will be biochar from virgin
biomass sources, though these are typically more expensive, with a few exceptions such as
arboricultural arisings (supply of which is relatively modest). If a low cost (£10-20t") straw
feedstock can be utilised, the analysis suggests biochar could be produced at £11-200 t". If
biochar costs £100 t" a carbon abatement price of £30—40 t CO," would be required for the
operation to break-even. At present, however, the only revenue stream for biochar would be
(currently uncertain) agronomic benefits as there is no existing mechanism for including
stabilised soil carbon in existing UK- or internationally-focused carbon trading arrangements.

Regulation of biochar is as yet an un-resolved matter, and applications to regulators may
be necessary before the legal position is clarified. Whether biochar is defined as waste or
not will influence how it is controlled, though in either case there are general powers of
pollution prevention which can be used to control the deployment of biochar in the event of
adverse impacts. There are provisions for exempting wastes from the requirement for
permitting or licensing if a benefit to agriculture can be demonstrated: biochar is not
presently exempted. The Environment Agency in England and Wales is moving towards
standard rules and standard permitting for all uses of waste upon land and this is one route
to regulation for biochar. The quality protocol approach used for wood, recovered
aggregates, compost and other low risk materials is another good model for biochar
regulation — provided, of course, that further research demonstrates low levels of risk.
Developing a matrix governing application of biochar to agricultural land similar to that used
for treated sewage sludge is equally important. Consideration should also be given to
suppliers’ quality schemes for crops, and livestock fed on crops or grassland where biochar
has been applied. Ultimately, more information is required on the properties and behaviour
of different biochar products in order to better understand potential risks and determine
appropriate levels of regulation.

Quantities of biochar that might be produced in the UK by about 2020 have been
evaluated according to existing and likely future availability of biomass feedstock from all
sources, and thus three biomass supply scenarios defined as low, high and very high supply,
depending on the proportions of each available to PBS. Virgin biomass resources could
produce 1-3Mty"' of biochar, and non-virgin biomass resources 0-3 Mty" biochar.
Assuming that only 50% of the non-virgin biomass-derived biochar is used on agricultural
land for safety reasons, the total carbon abatement from biochar (from LCA) is 1-6 Mt C y
(0.3-3.0% of 1990 emissions, or up to 1.5-10% of emission reductions required by 2020).
Between 0.5 Mha (low supply scenario) and nearly 5.0 Mha (high supply scenario) land
could be treated at a rate of just under 1.5t ha™ y ™ biochar and over a 20 y period (against a
total of 17.5 Mha agricultural land in 2008). Potato and horticultural land could be treated
fairly rapidly — in the first 3 to 10 y — the larger areas of cereals, other arable and grassland
would each taking longer. There is evidence that biochar returns some nutrients and small
amounts of labile organic carbon to soils. Depending on the origin of the biochar feedstock,
the dynamic balance of inputs and outputs of nutrients with respect to land area has to be
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carefully considered. The three supply scenarios imply considerable infrastructural
development — from 1000-7500 small pyrolysis units, 30—250 medium-scale units, or 10-30
large-scale units (ranges reflecting low to high and very high feedstock supply in each case).
Unless biochar could be produced at time of harvesting (e.g. using a mobile pyrolysis unit),
the scenarios also imply considerable additional truck movements (ca. 220,000 Mt") as well
as on-farm or dedicated storage requirements. The collection and incorporation of biochar
into agricultural soils is a logistical and technological challenge that has not been explored in
great detail, and is in need of innovation.

In addition to the economic and logistical challenges, there are many scientific uncertainties
surrounding the role and potential of biochar, in particular concerning its mean residence
time, Carbon Stability Factor and how to monitor it in situ. Nevertheless, in principle, biochar
has a high carbon abatement efficiency and there are some potentially viable options which
may deserve more careful attention, such as pyrolysis of arboricultural arisings and low-cost
straw. Integrated, well-design pilot demonstrations of such possible front-runners could,
potentially, advance rapidly the science, engineering, regulation and socio-economic
evaluation of biochar systems in the UK context.

17



SUMMARY FOR POLICY MAKERS

Introduction

Biochar is the porous carbonaceous solid produced by thermochemical conversion of
organic materials in an oxygen depleted atmosphere which has physiochemical properties
suitable for the safe and long-term storage of carbon in the environment and, potentially, soil
improvement.

The UK Biochar Research Centre (UKBRC) was commissioned by the United Kingdom
Department for Environment, Food and Rural Affairs (Defra), and Department of Energy and
Climate Change (DECC) to undertake a review of the potential benefits, costs and issues
surrounding the addition of biochar to soil. The objectives of the research are set out in
Box 1, together with the number of the chapter which deals with the objective. The results of
our review are presented in the summary for policy makers (SPM) according to these seven
objectives. The report concludes with an examination of critical issues regarding the
deployment of biochar in the UK context, and a list of research needs.

Box 1: The Objectives of the Review

To review evidence on the nature of biochar and the effects of different feedstocks and
variations in the pyrolysis process on the final composition and properties of biochar
Chapters 3 and 4

To assess and review evidence on the methods by which biochar could be incorporated into
soils and how this may affect, or be affected by, land use, land management practices and
regulations, and the addition of other organic materials Chapters 5 and 6

To assess and review evidence on the subsequent fate and behaviour of biochar in soil,
including its interaction with other soil components Chapter 4

To assess and review evidence on the impact of biochar on soil properties and functionality
and the benefits and disbenefits associated with biochar addition - including consideration of
wider environmental effects Chapters 4 and 3

To assess and review the effects, and implications, of biochar addition on soil carbon
monitoring Chapter 7

To evaluate, review and develop life cycle assessments of biochar, including its various
possible feedstocks, land-use and energy system applications, for the UK context as far as
is feasible given current data availability Chapter 8

To evaluate the costs of biochar from different configurations of feedstocks, energy
conversion technologies and biochar utilization, including regulatory and quality assurance
issues Chapters 9 and 6

A survey was undertaken to gauge wider opinion on issues that relate to the above
objectives Chapter 10

A brief scoping of biochar deployment in the UK context is reported in Chapter 11, should
emerging evidence suggest biochar production and application might prove a useful and
safe innovation

An analysis of key research needs that may assist in assessing this possibility is presented
as Chapter 12.

18



Methodology

A database was compiled for published, peer-reviewed research literature on pyrolysis and
charcoal relating to biochar, as defined here, along with a small number of studies using
biochar consistent with the present definition. For studies with findings relevant to an
understanding of the potential impact of biochar on soil, a systematic categorisation was
undertaken to assess the nature and level of research effort expended to date, and to
identify research gaps. The summary used in the categorisation is published as Appendix 1
to this report. Non-peer reviewed literature was also drawn upon, along with as yet
unpublished manuscripts that were shared during the research. These have been valuable in
scoping and forming general opinion, but for obvious reasons less reliance can be placed on
their apparent findings. A second method was to conduct an online survey to gauge a wider
view. The survey was complex and required detailed knowledge of biochar and therefore
targeted at experts, mainly those whom, for academic, environmental or commercial
reasons, have investigated PBS. A link to the survey was sent out to approximately 1000
individuals, but the ultimate number of recipients is unknown. A total of 145 useable
responses were obtained of which 118 were complete; this is not a large number, but the
community of active biochar researchers in the UK, and indeed globally, is currently small,
and hence the sample is considered to represent a significant proportion of qualified
individuals. The third method was to draw upon a panel of approximately 30 leading experts
on biochar internationally as authors, contributors and reviewers of this report. The final
method was to undertake original research to fill in gaps on two key aspects: life cycle
assessment (LCA) and economic analysis.

Objective 1: To review evidence on the nature of biochar and the effects of different
feedstocks and variations in the pyrolysis process on the final composition and
properties of biochar

Variation in pyrolysis feedstock, even if nominally from a single source, is likely to be one of
the main causes of variability in biochar yield and properties. However some properties are
likely to be more feedstock dependent (e.g. physical structure, contaminant content) than
others. Current evidence shows that it is possible to influence properties (such as pH and
surface area) of char considerably through controlling the pyrolysis operating conditions. In
general, higher production temperatures yield char of higher pH and, to some extent, higher
surface area. The specific surface area (SSA) of char can be further increased by physical or
chemical activation post-process. However, the benefits and potential disbenefits of
additional surface area in soil are not well established. Most of the enhanced surface area is
due to development of micropores (<2 nm), a scale much too small to hold plant-accessible
water and soil solution or provide for attachment of microorganisms.

The vyield of char is strongly dependent on the production conditions, ranging from 0—
73% oven dry (0.d.) feedstock, depending on the yield of liquid and gaseous products (Table
SPM 1). The most important parameters affecting char yield are: the heating rate, peak
temperature and residence time at peak temperature. In general, higher heating rate and
temperature and shorter residence time lowers char yield, while long residence time and
slow heating rate increase it. However, the resulting char itself consists of fractions of
contrasting recalcitrance, and therefore higher char yield does not necessarily mean a higher
yield of stabilised carbon, the proportion that remains ‘fixed’ when added to soil. It is known,
however, that the fraction of carbon in char that is fixed from an analytical perspective
increases with peak production temperature. A trade-off exists between char yield and this
fixed fraction, but the strength of the relationship between fixed carbon and carbon stable in
the context of PBS (as defined by the CSF) is yet to be established. Nonetheless, it does
appear that, broadly, lower temperature pyrolysis yields more char, but char with a greater
proportion that is unstable and therefore unsuitable for long-term carbon storage in soil.
Whilst a higher temperature produces more stable carbon, but the char yield is lower. The
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addition of less stable, i.e. labile carbon to the soil may provide short-term agronomic benefit
and hence, in some circumstances, biochar might be designed to deliver both carbon
storage and some benefits of labile carbon. The utility of specified grades or ‘bespoke’
biochar should be context specific, in some cases focused on fixed carbon, in others on the
short-term agronomic value, etc.

Slow Intermediate Fast pyrolysis
pyrolysis pyrolysis
Process
Temperature (° C)
Range 250-750 320-500 400-750
Typical 350-400 350-450 450-550
Heating and residence time
Range mins-days 1-15 mins ms-s
Typical 2-30 mins 4 mins 1-5s

Yields (as % o.d. feedstock mass)

Char
Range 2-60 19-73 0-50
Typical 25-35 30-40 10-25
Liquid
Range 0-60 18-60 10-80
Typical 20-50 35-45 50-70
Gas
Range 0-60 9-32 5-60
Typical 20-50 20-30 10-30

Table SPM 1: Scope of pyrolysis process control and yield ranges
Note: Based on review of over 30 literature sources (Brownsort, 2009)

Biochar could potentially contain two types of contaminants: a) those introduced in the
feedstock itself (e.g. heavy metals, dioxins, polycyclic aromatic hydrocarbons (PAHSs), etc.)
and b) those produced during pyrolysis (e.g. PAH). Careful selection of feedstock is
necessary to avoid or minimise the first category of contaminants, though some could be
separated and removed during biochar production. The formation of PAH can be minimised
by appropriate selection of operating conditions, specifically temperature range, and biochar
with negligible PAH content should be achievable. Consistent analytical methods for
quantifying contaminants such as PAH in the inherently stable matrix presented by pyrolysis
char are yet to be defined. Better identification of specific PAHs is required, and targeted
according to their toxicity.

Objective 2: To assess and review evidence on the methods by which biochar could
be incorporated into soils and how this may affect, or be affected by, land use, land
management practices and regulations, and the addition of other organic materials

Biochar is a new proposition so no specific agricultural equipment exists for its deployment.
Experimental application of charcoal to arable soil using existing farm equipment such as
lime and fertiliser spreaders has been illustrated in several experimental trials. These seem
to permit straightforward application to surface soil for subsequent incorporation by
ploughing, disking or harrowing. The low bulk density of biochar perhaps makes moderate
and large applications in this way impractical and potentially undesirable in terms of passes
and compaction. Minimising the separation of soil surface from the point of disposal is an
obvious way to limit the potential for airborne dispersion, and associated issues around
human health, environmental contamination and monitoring. Managing particle size at the
point of application is clearly relevant too, and a function of feedstock characteristics,
production method and post-production processing (e.g. the feedstock particle size and the
effect of its composition on the physical strength of the product). The bulk density of biochar
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can by increased by simple addition of water, improving rather than diminishing handling
characteristics (i.e. dust control).

If the low bulk density of biochar is largely explained by porosity infiltrated on immersion,
1m?® biochar mixed into livestock slurry may displace less than 0.4 m® volume. Mixing with
slurry may have the potential to increase the amount of biochar carbon applied per unit
additional volume handled by an enterprise or additional equipment. Increasing the dry
matter content of slurry by 50% would increase the volume of slurry material stored and
spread by 1-3%, but with potential benefits to nutrient dynamics and soil structure. If biochar
does suppress nitrous oxide emissions, there would be considerable additional benefit to
greenhouse gas abatement in these systems.

Compeatibility with liquid injection systems should also be possible and analogous application
to arable land at rates of 1-2 t ha™' has been possible by using conventional or adapted seed
drilling equipment, but not demonstrated in the UK. Relatively straightforward modifications
could be devised by machinery engineers to redress some of these constraints, and retro-
fitting existing equipment for the purpose of biochar application has been reported in
Australia (Krull, 2009).

In horticulture and other high value crops, biochar could be introduced to supplement or
substitute existing organic amendments or growing media that are already brought onto the
site. If biochar deployment took place on an extensive scale, large volumes would have to be
handled, necessitating efficient transportation, storage and application solutions. It is likely
that more radical equipment and handling innovation will be required at this stage to bring
down the deployment costs.

The current situation with respect to the control of the human health and safety and
environmental risks of biochar lack clarity and would benefit from a position statement
agreed by all UK regulators. It is complicated by the need to consider regulation of the
production, and also of a variety of potential end-uses, for biochar. Regulation needs to be
proportional to any risks to human health and the environment and there will need to be
distinctions made between lower-risk biochar from virgin biomass sources and (potentially)
higher-risk biochar derived from non-virgin biomass (waste). Biochar addition to soils will
need to be regulated if biochar is defined as a waste. Even if biochar is not classified as a
waste, environmental regulators have pollution prevention powers to intervene should
biochar appear to have adverse environmental impacts. Biochar is not an exempted waste,
and hence an application would need to be made to the regulator.

In England and Wales, the Environment Agency is moving towards standard rules and
standard permitting for all uses of wastes (exempted or otherwise) upon land; this is
intended to simplify and streamline the regulatory process for waste materials to be
approved for application. More information is required on the properties and behaviours of
different types of biochar to better understand potential risks and allow appropriate levels of
regulation. The quality protocol approach used for wood, recovered aggregates, compost
and other low risk materials may provide a starting point for this. Another potential avenue
for regulation would be to develop a matrix governing application of biochar to agricultural
land similar to that used for treated sewage sludge. Consideration should also be given to
supplier quality schemes for crops, and livestock fed on crops or grassland where biochar
has been applied (assuming that a strong case for the safety of biochar can be made). If the
risks of biochar can be demonstrated to be low, a supportive regulatory framework will give
confidence to producers and buyers and minimise barriers to widespread biochar
deployment.

Objective 3: To assess and review evidence on the subsequent fate and behaviour of
biochar in soil, including its interaction with other soil components

Published research on the stability of biochar produced in continuous feed systems under
near zero-oxygen is extremely scarce, and comparability in terms of stability between carbon
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stabilised this way and that present in stable charcoal has yet to be confirmed. The methods
to do such analysis are currently under development. The evidence for an unusually high
level of recalcitrance of carbon in charcoal is comparatively abundant, however, with
estimates of mean residence times falling in the order of millennia, compared to 50y for
carbon in the bulk of soil organic matter under temperate conditions. The evidence for this
longevity is indirect, i.e. based on observation of its chemical composition or inferred from,
for example, concentrations present in soils where natural fire has resulted in regular inputs
though history (Lehmann et al., 2008). Examination of old and ancient charcoal fragments
indicates partial oxidation or possibly chemisorption of oxygen only at the surface. Although
the rate at which oxidation progresses to the interior cannot easily be determined, it appears
that surface oxidation is strongly affected by ambient temperature (suggesting abiotic
reaction). Rapid diminution of particle size appears to occur in soil, presumably through
abrasion or other weathering, and with both an apparent persistence of charcoal in
particulate organic fractions and intimate association with mineral particles, tillage and soil
disturbance does not appear to modify the fate of charcoal disappearance over at least a
timescale of decades.

Priming the acceleration of charcoal decomposition by glucose and other labile substances
has been observed in the laboratory using charcoal manufactured under conditions intended
to simulate natural fire. Short term responses contrast with the high level of stability inferred
for much longer periods. This may indicate a role for a labile (rapidly mineralised) fraction of
biochar carbon, possibly primed by the effect of mineral nutrients or modification of soil pH
resulting from char addition. The majority of published studies have used either this
“synthetic” charcoal in the context of natural fire (and thus at relatively low temperatures with
partial restriction of oxygen), or commercial charcoal produced using traditional techniques
at higher temperatures.

The movement of biochar incorporated into soil is hard to predict spatially, but it is unlikely
that charred material abundant in ocean sediments and evidently transported from sites of
natural fire, had previously been incorporated substantially into soil. In addition, greater
disparity would be expected between estimates for rate of physical decomposition between
laboratory and field studies if physical movement should be accounted for as a substantial
loss pathway. In other words, much of the apparent loss of biochar-carbon is probably a
consequence of the movement of biochar down the soil profile rather than a result of
mineralization.

Objective 4: To assess and review evidence on the impact of biochar on soil
properties and functionality and the benefits and disbenefits associated with biochar
addition - including consideration of wider environmental effects

Transient beneficial impacts of biochar on soil may be chemical (direct addition of gradually
leachable ash, modification of soil pH), biological (promotion of short-term microbial
proliferation), and physical (soil bulk density, water holding capacity, thermal properties,
aggregation in combination with soil biological effects). Enduring benefits may be chemical
(cation exchange and specific surface area), biological (some association with plant roots),
or physical (mediating the connection of microbial substrates and biomass, favouring of
meso-faunal activity).

Disbenefits of biochar application could arise where potentially useful crop nutrients in
biochar (such as nitrogen, phosphorus and metals) become detrimental through poor
management, for example through an inappropriate manner, rate and frequency of biochar
application. Potentially problematic substances in biochar could incude PAHs and other
benzene-like molecules from biochar feedstock, concentrated by, or created during,
pyrolysis. The physical and chemical alteration that occurs during pyrolysis may change the
bio-availability of elements and compounds. The pattern of release of the nutrients within
biochar would need to be well understood in order for the management of nutrients from
other sources (fertiliser, manure, slurry and other organic wastes, etc.) to be adjusted and
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thereby avoid eutrophication. Better understanding of the propensity for biochar to move
across the soil surface (and also down the soil profile) is necessary to understand the spatio-
temporal distribution of nutrients and contaminants that might arise from biochar application.
Development of appropriate  management (techniques and procedures) for physical
application of biochar to the land will need to be developed accordingly. The transfer of
nutrients from biochar into watercourses would depend on the timing and extent of field
application and factors such as slope and prevailing weather conditions. Wind erosion could
cause an environmental nuisance by wide-spread dispersion of dust and application in
conditions of high wind speed would be inadvisable. In agronomic terms, the use of biochar
would be negative overall if there are no beneficial effects in soils, because of the financial
and environmental costs of utilising machinery for transporting, applying and integrating it
into soils. Biochar would be difficult to remove if it was shown to be causing some negative
impacts.

Based on a body of literature that is concerned with static comparisons (soils with and
without charcoal), chronosequence studies (pseudo long-term studies), and direct
observations over short time frames, the impacts of biochar are likely to be dependent on
both the product, the soil into which it is introduced, and the timeframe under consideration.
The available evidence does not provide great capacity to extrapolate short-term
observations (made over one or two seasons) to a decade or more (medium-term) — in the
absence of process understanding the dynamics of the effects cannot be predicted. To date,
experimentation has been with products that approximate wildfire charcoal, made under
conditions less relevant to PBS. Possibilities to engineer biochar from pyrolysis to control or
to accentuate particular functions are under-explored. In terms of short term effects on soil
organic matter, the nutrient content of the feedstock, the pH of the product (relative to the
receiving soil), and the abundance of labile fractions will be important.

Although microbial proliferation has been reported, there is no evidence to suggest an
enduring priming of organic matter mineralization in mineral soils, or a mechanism put
forward to account for such an effect. There is evidence for the accumulation of soil organic
matter in soils rich in charcoal, which could be a feedback from increased plant productivity,
and increased stabilisation of organic matter added to soil. Approximately one-quarter of
responding experts in the survey considered the increased loss of soil organic carbon by
priming a ‘very serious’ or ‘moderate’ risk, while 40% considered it a ‘minimal risk’. This
suggests that the ‘jury is still out’ on this important question, and a strategic evaluation of the
mechanisms of interaction between biochar and soil organic matter using laboratory and
field-based research is necessary to develop certainty. A resolution on the issue should be
achievable quite rapidly once, in combination with studies of crop productivity, protocols for
preparing aged samples of biochar have been established so that short-term effects of
nutrient flux, pH and labile carbon can be discriminated from long-term physical interactions.

The physical structure of wood charcoal is distinct from that of mineral soil in terms of its
macroporosity (micron-size pores) but no published work directly demonstrates the effect of
adding such material on soil pore-size distribution, though changes in water holding capacity
at least in the short term (or at high rates or application, which have a large impact upon the
soil's bulk density) have been reported. The general effect of biochar on water holding
capacity, especially biochar produced from non-woody feedstock, has yet to be quantitatively
established. In addition to resistance to drought, water holding capacity determines the
volume of water held by the soil before reaching saturation, and pore-size distribution the
size of pores within which water will reside as the water content increases. Together these
parameters give the potential for modifying soil-based N,O emission, though currently
published data does not extend to field-based study. A number of relevant studies are
available as conference proceedings, and progressing toward publication.

In the natural environment charcoal develops high cation exchange capacity over time
exceeding, mass for mass, that exhibited by soil organic matter and also many clay
minerals. Translation of this observation to practical value in the field, for example in
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moderation of leaching or increasing soil nutrient supply is lacking, especially for temperate
systems. Plant growth tests in pots (pot trials) and plot-scale field experiments in tropical
environments seem to suggest that charcoal and biochar addition can increase crop nutrient
uptake in the longer term, provided an initial immobilisation of nitrogen can be managed. An
effect of charcoal in soil on soil temperature has been reported, and could be of significant
benefit to crop establishment in temperate zones.

Objective 5: To assess and review the effects, and implications, of biochar addition on
soil carbon monitoring

Monitoring to determine the proportion of soil carbon arising from biochar can be difficult,
since available methods for distinguishing black carbon from other forms of soil organic
matter are complex. Despite an extensive and coordinated effort in a ‘ring-trial’, no strong
consensus on a universal, practical method for quantification of charcoal in soil has
emerged. Such methods could not, in any case, directly discriminate added biochar from
charcoal or even coal naturally or historically present, and possibly not from recalcitrant
forms of soil organic matter.

Nevertheless, provided a site has baseline soil carbon measurement, the addition of carbon-
rich biochar should be detectable using combustion-based analyses, given that the amount
of carbon is also likely to be broadly stable and not subject to spatial variation and within-
season fluctuation associated with typical organic amendments. Biochar addition should,
however, be excluded from existing soil monitoring sites if uncertainty over its possible
impacts could detract from the value of long-term records.

For routine purposes, it will probably not be cost or time effective to use techniques that seek
to measure directly the fate of biochar by monitoring the soil. Instead it is expected that
methodologies will emerge based on models the amount of biochar added to the soil is
recorded, and calibrated against a decay rate dictated by the material and the context (e.g.
the site, the receiving soil and the product, including its CSF). The UK Greenhouse Gas
Inventory (UK GHGI) would require some modifications to allow the category of stabilised
soil carbon to be included.

It is likely that some biochar applied to soil will erode from the application site. Methods may
be required to track or monitor the movement of biochar to offsite sinks, including
watercourses, depending on the regulatory regime. Monitoring of biochar will be desirable
during periods of initial adoption, to compare expected and actual erosion rates and fate
pathways. High sorption capacity and low minerlisation and nitrogen content reported for
charcoal suggests that eutrophication would be an unlikely consequence. However for
biochar this to some extent be affected by the feedstock and production process involved.

Objective 6: To evaluate, review and develop life cycle assessments of biochar,
including its various possible feedstocks, land-use and energy system applications,
for the UK context as far as is feasible given current data availability

The carbon balance of pyrolysis, including both the stabilised carbon and the offset CO,
emissions from fossil fuels, was estimated from an extensive literature review. One of the
representative technologies, the Haloclean intermediate pyrolysis process (Hornung et al.,
2009), results in a carbon abatement of 0.82tCO,t" 0.d. feedstock, compared to
0.63tCO,t" 0.d. for straight combustion (assuming a CSF of 0.68). Therefore, pyrolysis
abates approximately a quarter more carbon than combustion. The carbon balance across
the life-cycle was examined from feedstock production to long-term impacts on soil by
developing a new LCA model for PBS, drawing upon other existing LCAs (e.g. BEAT),), the
literature, and expert elicitation. Three biomass resource scenarios for PBS were also
developed using the ‘resource pyramid’ approach: lower, higher and very high, for virgin and
non-virgin biomass (Table SPM 2).
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Virgin biomass resource is here defined as that derived from whole plants and trees or from
the processing of virgin biomass (where that does not involve chemical or biological
transformation, amendment or treatment); non-virgin biomass is any other bio-material.

Feedstock Viable available resource assumed
available for pyrolysis (t yr™)

Lower Higher Very high
Virgin biomass resources
Wheat straw 1,181,250 3,543,750 4,725,000
Small scale 413,438 1,240,313 1,653,750
Large scale 767,812 230,343 3071250
Barley straw 450,000 1,350,000 1,800,000
Small scale 157,500 472,500 630,000
Large scale 29250 877500 1170000
Oil seed rape and other cereal straw 590,625 1,771,875 2,362,500
Small scale 206,719 620,156 826,875
Large scale 38,390 115,171 1535625
Forestry residues 200,000 600,000 600,000
Arboricultural arisings 85,250 255,750 341,000
Sawmill co-product 21,500 64,500 86,000
Wood pellets 0 0 0
Miscanthus, switchgrass & short rotation coppice - agricultural land 503,125 1,509,375 2,012,500
Reed canary grass 12,500 37,500 50,000
Short rotation forestry - contaminated or public land 52,500 105,000 157,500
Total virgin biomass resource 3,096,750 9,237,750 12,134,500
Non-virgin biomass resources
Construction and demolition wood waste 0 1,260,000 1,890,000
Commercial and industrial wood waste 0 1,120,250 1,680,375
Municipal solid waste - wood 0 399,375 599,063
Mechanical and biological waste 0 3,125,000 4,687,500
Green and food waste 0 1,800,000 2,700,000
Sewage sludge 0 754,500 1,509,000
Commercial and industrial animal and vegetable waste 0 202,500 303,750
Poultry litter 0 1,069,000 1,603,500
Total non-virgin biomass resource 0 9,730,625 14,973,188
minus MBT and poultry waste 0 5,536,625 8,682,188
Total virgin and non-virgin biomass resource
(including MBT and poultry waste) 3,096,750 18,968,375 27,107,688
Total virgin and non-virgin biomass resource (excluding MBT and
_poultry waste) 3,096,750 14,774,375 20,816,688

Table SPM 2: Feedstocks potentially available in the UK for bioenergy and pyrolysis—biochar systems
Source: Chapter 8

Depending upon feedstock and technology-scale, avoided emissions were 1.0—
1.4t COseq t' 0.d. feedstock in slow pyrolysis (Figure SPM 1). This compares with an
avoided emission of 0.55 t COzeq t' 0.d. for straw combustion at 33% efficiency. Hence, for
straw, there is an additional 80% carbon abatement from PBS (on an LCA basis) compared
to combustion. The Carbon Abatement Efficiency (CAE) of PBS compared to combustion
improves as the full life-cycle impacts are incorporated, this being due to the indirect effects
of biochar in the soil. The largest contribution to total PBS abatement (40-50%) is from
stabilised feedstock carbon. The next largest contribution is from the indirect impacts of
biochar in the soil (lower crop fertiliser requirement, lower soil NoO emissions, increased
SOC, etc): these hypothesised impacts are based only upon a few studies and stand in need
of far better evidence. The indirect impacts account for 25-40% of CA, the proportion
changing with the size of other CA categories. The final major CA category is fossil-fuel
offsets from renewable electricity generation, 10—25% of total CA. The values derived from
the LCA model for PBS agree reasonably well with the three other studies in the literature
(Gaunt and Cowie, 2009; Gaunt and Lehmann, 2008; McCarl et al., 2009).
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Expressed in terms of carbon emissions per unit of delivered energy, PBS abates (i.e.
avoids the emission of) between 1.5-2.0 kg CO»eq kWh™. This compares with an average
emission of 0.5kg CO.kWh™ arising from the national electricity grid in 2008. The
Environment Agency estimates that the carbon emission factor for electricity generation from
many biomass feedstocks is between 0.05-0.30 kg CO.eq kWh™" (Environment Agency,
2009). Hence, PBS may be a more efficient way of abating carbon than alternative uses of
biomass feedstock. Likewise, PBS results in the abatement of approximately 7-
30t COseq ha™' yr' for dedicated feedstocks (Figure SPM2). These numbers fall within, but
also exceed, the range of the first generation biofuel system with the highest CAE — namely
bioethanol from sugarcane (10-16tCO.eqha’yr’) and are much larger than most
bioenergy crops and biofuel feedstocks (e.g. biodiesel from rapeseed, soy or sunflower gives
a saving of 0.5-4.0tCO,eq ha” yr') (Cherubini et al., 2009); UK bioelectricity systems,
meanwhile, give a saving of between 1-7 t CO.eq ha™ yr' (Thornley, 2009).
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Figure SPM 1: Carbon equivalent abatement arising from pyrolysis-biochar systems for a range of
feedstock and small and large scale technology

Whilst, on the face of it, PBS appears to be a more efficient form of carbon abatement than
conventional, or even novel, biomass conversion technologies such as combustion,
anaerobic digestion (AD) or gasification, there are some large existing uncertainties which
temper that evaluation. In particular, the indirect benefits of biochar in reducing soil-based
emissions are all quite uncertain. If the abatement arising from such indirect effects is
removed from the LCA, and assuming that the CSF is 0.45 (i.e. 55% of the total carbon in
fresh biochar added to the soil is lost through early and subsequent decomposition) the
saved carbon equivalent emissions from PBS are approximately the same as those arising
from straight combustion at 33% efficiency. If the decomposition of biochar is less than this
(e.g. a CSF above 0.45) then PBS out-competes straight combustion with respect to avoided
greenhouse gas emissions — even without the indirect soil effects; if biochar does reduce soil
GHG fluxes, then carbon abatement will be further enhanced. On the other hand, if the
efficiency of biomass combustion increases, say to 42% to reflect the most efficient coal-
powered stations which might use biomass co-firing, the indirect soil effects of biochar need
to be evident for PBS to prove more efficient in CA than combustion.
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Figure SPM 2: Carbon equivalent abatement per hectare cultivated arising from pyrolysis-biochar
systems for a range of feedstock and small and large scale technology

Objective 7: To evaluate the costs of biochar from different configurations of
feedstocks, energy conversion technologies and biochar utilization, including
regulatory and quality assurance issues

It is not currently possible to undertake a full cost-benefit analysis of biochar due to many
uncertainties, especially regarding the economic benefits of biochar. An alternative
approach, adopted here, is to calculate the break-even selling point (BESP) of biochar: i.e.
the minimum charge for a tonne of biochar for the operation to at least break-even. This has
been done by estimating the costs of collecting or growing a range of feedstocks,
transporting feedstocks to a pyrolysis facility, transporting the resultant biochar to a suitable
storage unit, and then onwards to a point of application; and, finally, the costs of applying the
biochar to the soil. Three types of pyrolysis unit have been modelled: small-, medium- and
large-scale; and three storage scenarios are envisaged (on-farm, dedicated storage unit,
field margin storage unit). Two sources of revenue have been identified: electricity at
£50 MWh™ (also attracting double renewable obligation certificates, ROCs, worth a further
£100 MWh™), and in the case of some feedstocks which have to be collected and managed
in waste management units (e.g. arboricultural arisings, wood waste, sewage sludge, etc.),
an avoided ‘gate fee’ in the range £22-45t" o0.d. feedstock. The analysis is from the
perspective of the firm producing biochar and it assumed that the firm has to purchase the
feedstock. No attempt was made to evaluate costs and benefits at the societal level.

The analysis has been undertaken for the three biomass supply scenarios identified in Table
SPM 2. For each scenario, a mixture of different feedstocks has been assumed and costs
calculated to reflect the ‘average’ tonne (Table SPM 3).

Depending on the assumptions used, biochar may cost up to £430 t" delivered and spread
on farmland. There appear, however, to be a number of smaller-scale but low cost
opportunities using cheaper virgin feedstocks such as arboricultural arisings and, in some
situations, straw. If straw costs £20t”, biochar can be produced for under or just over
£100 t" assuming cheaper storage options. The price of straw is temporally- and spatially-
variable, depending upon nearness to markets, transport costs, weather conditions, and so
on. Long-term contracts which guaranteed the farmer a constant price for straw at a lower-
than-average market price may be attractive, as appears to be the case for the Ely straw-
burning power plant’.

' www.epri.co.uk/assets/ely/overview.html
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Total cost of biochar production: feedstock production to
field deployment (£ t" biochar)

Dedicated Innovative field-

On-farm storage )
storage margin storage

Small-scale farm-based pyrolysis facilities (c. 2000 t yr" o0.d. feedstock)

Average feedstock 291 not relevant 276
Low-cost straw (£10 t™) 211 not relevant 194

Medium-scale pyrolysis facilities (c. 16,000 t yr'' 0.d. feedstock)

Very high feedstock resource scenario 311 358 304
Higher feedstock resource scenario 334 379 318
Lower feedstock resource scenario 397 430 380
Food waste 68 117 52
Green waste & sewage sludge 131 181 115
Arboricultural arisings (higher resource) 220 275 210
Low-cost straw (£10 t™) 261 304 214
Wood waste 280 329 263
Large-scale pyrolysis facilities (c. 185,000 t yr' o.d. feedstock)
Very high feedstock resource scenario 206 280 181
Higher feedstock resource scenario 170 246 158
Lower feedstock resource scenario 309 363 282
Green waste & sewage sludge 0 0 0
Food waste 0 0 0
Arboricultural arisings (higher resource) 47 112 4
Low-cost straw (£10 t™) 78 156 11
Wood waste 118 199 91
Low-cost straw (£20 t™) 123 204 96

Table SPM 3: Total cost of biochar production: feedstock production to deployment on farmland.
Note: Zero value means that the operation makes money; whilst a simplification, it is assumed that
biochar production in those cases occurs at zero cost.

The issue of pricing straw is complex, however, and markets and prices will respond to new
demand from PBS: more detailed research is required before a more accurate assessment
of straw as an available feedstock could be attempted. Under scenarios where non-virgin
feedstocks — such as green waste, sewage sludge or food waste - are used, biochar can be
produced as a product at no cost. This is because taking waste feedstocks can bring an
additional income stream to the operator through charging gate-fees. Because of the high
cost of waste disposal in landfills, gate-fees can make a large difference to the economics of
PBS. By using wastes, instead of more expensive wood or straw feedstocks, it is possible to
reduce the costs per tonne of biochar produced in a medium-scale unit by several times. On
the other hand, the risk of contamination will be greater and the regulatory hurdles higher —
with respect to the materials transportation, handling, preparation, processing and the
resultant biochar. For biochar produced from arboricultural arisings in a large-scale unit
(relative to the cost of biochar in the high feedstock scenario), the cost reduction is from 80
to nearly 100%.

The greatest costs are the cost of borrowing capital, the feedstock costs and the operational
costs. Small-scale on-farm biochar production benefits from lower transport costs. Large-
scale production benefits from much lower capital costs. The feedstock costs for non-virgin
biomass resources are low except for waste wood, whilst avoided gate fees provide an
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important revenue stream. Transport costs are also low for such feedstocks because PBS
introduces few additional transport requirements (beyond transport needs already accounted
for in waste management). On the other hand, pyrolysis of such non-virgin biomass
materials will pose the greatest potential risk and possibly require greater regulatory
controls, and will likely encounter some scepticism and resistance from farmers and other
land-owners. The most attractive option is, therefore, to use virgin feedstocks that are also
relatively low cost, such as arboricultural arisings. There is a moderate to high level of
uncertainty attached to all the numbers presented in this section.

Conclusions and the potential for biochar deployment in the UK

This report provides preliminary evidence that PBS are an efficient way to abate carbon, and
tend to out-compete alternative ways of using the same biomass (in terms of carbon abated
per tonne of feedstock, or in terms of abatement per hectare of land). PBS tends to be
carbon negative if it assumed that the cultivation of the biomass is carbon neutral, though it
may be more accurate to include considerations of land-use change and the feedstock
carbon cycle explicitly. There is an, in principle, credible case that biochar deployment in UK
soil will produce agronomic gains (and possibly suppress GHG emissions): however, these
effects still remain to be demonstrated in the peer-reviewed literature.

There has been relatively little attention to the logistics of PBS, even though this is likely to
be very important to the economic and practical viability. The issues raised include the need
for (and cost of) storage, the acceptability of truck movements, and how economies of scale
in producing and distributing biochar might be achieved. Biochar is currently expensive to
produce due to feedstock, capital and operational costs. Extensive PBS implies an extensive
infrastructure, involving pyrolysis units (PU) probably at a range of scales that will take some
time to be built and operated, especially given the current lack of dominant design.

At present, biochar has no economic value. It is not possible to obtain a value for carbon
stabilised in biochar under any policy framework, with the possible exception of the voluntary
carbon market. For a carbon value to be realised in the future, it is necessary for basic
procedures to assess the long-term stability of biochar to be devised. Also, biochar currently
does not have any clear value as an agricultural input, until sound evidence exists to predict
an agronomic or soil quality benefit with certainty.

Biochar could, however, increase quite significantly the opportunities for carbon abatement
in the agriculture and land-use sectors. In the UK the availability of land is unlikely to present
an absolute barrier to biochar deployment, although the land potentially providing the highest
returns from biochar addition (such as horticulture) is relatively small in extent. The supply
and cost of biochar also depends upon the extent to which organic waste feedstocks could
be utilised. There are some ‘niche’ areas where PBS could have particular advantages over
alternative ways of dealing with organic residues, even within current economic conditions.
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1 OUTLINE OF REPORT

The concept of biomass pyrolysis for biochar production, particularly in the context of carbon
abatement, will be outlined in Background, Chapter 2.

The process of pyrolysis itself is described in Biochar production, Chapter 3. Process
parameters dictate the balance of solid, liquid and gaseous products and therefore energy
yield. Contaminants present in feedstock may be transformed or retained in the various
fractions during pyrolysis, and under certain conditions PAH compounds may form.

Literature information that addresses key questions around the longevity, trajectory and
ultimate extent of various positive and negative effects that addition of biochar may have in
soil is reviewed in Impacts of biochar on soil, Chapter 4. Uncertainties in the
understanding of biochar function are identified, with an indication of how these may be
addressed.

Logistical and practical challenges face the application of biochar to soil, and it is during
application that the greatest immediate risk for human exposure and physical transport may
occur. This is covered in Application to soil, Chapter 5.

In Regulation, Chapter 6, biochar is considered in the context of existing legislative controls
over materials that may be applied to land and the frameworks that might be required to
facilitate deployment of biochar in the UK.

Soil is a biologically active medium in which even highly resistant materials are known to
slowly degrade. Confirmation or quantification of the absolute stability of biochar in soil has
to be established if biochar is to be deployed in carbon abatement and carbon trading —
Monitoring, verification, accounting and reporting, Chapter 7.

Biochar is likely to have a low moisture content and high residual heating value relative to
pyrolysis feedstock materials. The CO.eq benefit that arises from stabilising biomass carbon
and fossil fuel substitution through pyrolysis versus combustion must be considered through
Life cycle assessment, Chapter 8. The methodology developed here could enable
potential benefits of PBS to be assessed, or integration of biochar into UK Greenhouse Gas
Inventory or carbon markets.

Pyrolysis—biochar systems that may be considered in the UK will integrate biomass
feedstock processing with heat and energy production, and biochar with agriculture via soil
amendments. In rural systems they will utilise crop and forest residues (such as cereal straw
and tree bark), virgin biomass wastes (from crop and timber processing), livestock waste
(manure) and processed biomass waste (e.g. oil cake). Around urban centres they may use
green waste, mixed waste streams (compost like output, municipal waste) and sewage
sludge.

The availability of feedstock limits the potential for PBS to abate carbon. Availability can be
potential (absolute), feasible (practical or achievable) and realistic (currently viable). The
focus in Economic analysis, Chapter 9 is on the on the costs of producing biochar, mainly
in the context of what is realistically achievable given certain assumptions about the current
and future economic environment. Logistical and economic issues have been addressed.

Quantitative certainty around the non-carbon related benefits of biochar use, primarily in soil,
are high but may be important in conferring economic value. These possible benefits
currently have associated uncertainty concerning trajectory and timescale that affect
feasibility. Regulatory and market acceptability may confer barriers or obstacles to the
implementation of pyrolysis—biochar systems. Lack of experience in pyrolysis and resistance
to novel products are relevant, as are infrastructure constraints and the possible requirement
for new types of farm machinery.

Biochar may have applications in agriculture beyond soil application, and also in non-
agricultural sectors, including those where activated charcoal is already used. The use of
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biochar for these purposes has not been widely researched, and they will not be listed here.
It is also envisaged that a different and wider range of PBS will be feasible outside the UK,
and discussion of these is beyond the scope of this report. However, the import of biomass
feedstock and the use of pyrolysed biomass in UK soil are considered.

For the principal scenarios envisaged, an attempt has been made to evaluate or list the
possible benefits and risks. In many cases these cannot be quantified on the basis of
existing evidence, but the likely relative importance can be subjectively assessed. In addition
to published evidence concerning biochar and related issues, expert opinion gauged, in part,
from, as yet, unpublished findings, has been assessed and the findings are described in
Survey results, Chapter 10.

A forward look at the issues that may arise in the use of biochar in the UK is provided in
Deploying biochar in the United Kingdom, Chapter 11.

In Research needs, Chapter 12 provides an indication of potential further work to evaluate
and support PBS evaluation and deployment.

31



2 BACKGROUND

Saran Sohi and Simon Shackley

Biochar is the porous carbonaceous solid produced by thermochemical conversion of
organic materials in an oxygen depleted atmosphere which has physiochemical properties
suitable for the safe and long-term storage of carbon in the environment and, potentially, soil
improvement. Biochar comprises stabilised plant material in which carbon is stored mainly in
a highly recalcitrant chemical form, and although little research has been published on the
long-term stability of biochar in soil the mean residence time (MRT) of charcoal, and
analogous material, is in the order of millennia (Lehmann et al., 2008). Biochar should
provide an effective long-term store of carbon in soil, and thus offer a potential abatement
option for anthropogenic carbon emissions (Lehmann, 2007Db).

Combined with the apparently deliberate and beneficial use of charcoal in historical soil
management practices, most evidently in tropical environments® but also elsewhere in the
world and possibly in the UK (Young, 1804), biochar could present important opportunities in
a modern context. In the UK biochar could address carbon storage, the provision of
bioenergy, management of certain organic waste streams, and facilitate this through positive
effects on crop performance via the soil. Elements of the technologies required to test this
exist, but these have not been brought together in a system context. In addition, the
robustness of the case for the stability of biochar in soil, the predictability of benefits to soil
and in particular the potential risks have not been widely investigated.

Later in this report the nature and extent of the evidence that is currently available for the
function of biochar in soil is assessed, and the potential carbon equivalent savings that might
be achieved are scoped. Some of the main logistical, economic and regulatory
considerations that would have to be addressed for biochar deployment to occur in the UK
are considered. The purpose of the current chapter is to outline the basic concepts and
context for pyrolysis—biochar systems (PBS).

2.1 Stabilisation of plant-captured carbon

Carbon dioxide (CO,) concentration in the atmosphere is increasing, and is considered to be
the main influence on radiative forcing and the perturbation of global climate. A key strategy
to limit climate change is to reduce the emission of CO, from fossil fuel burning, currently
7.5 Gt Cy" globally (IPCC, 2007), and from loss of plant biomass in land-use change (0.8—
1.6 GtC y ' during 1990s). It will not be possible to eliminate emissions, and it is not possible
to lower them as fast as is required to avert climate change. Some technological approaches
to this problem are widely advocated, notably chemical capture of CO, from power stations,
and its storage in geological strata (CCS). The technology to achieve this is still at an early
stage, but it is considered achievable in the medium term (e.g. by 2025). There is likely to be
a significant energy cost associated with the capture of CO, from flue gas, which has
implications for supply of fossil fuel.

Annually plants draw down 15-20 times the amount of CO, emitted from fossil fuel, which is
up to 20% of the entire atmospheric pool. About half of this is returned immediately to the
atmosphere through plant respiration, but about 60 Gt Cy"' (Prentice et al., 2001) is classed
as net primary productivity (NPP), i.e. invested in new plant growth (about 45% of plant
biomass is carbon). Since the plant biomass is relatively constant globally, the magnitude of
new plant growth must be approximately matched by harvest, litterfall, exudation by roots,
etc. The annual CO, release from decomposition of these products by natural pathways and
human cycling of plant-derived materials and products occurs at various characteristic rates,

% The terra preta soils of Amazonia
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but in sum total roughly equal to NPP. The annual return of carbon to the atmosphere from
the decomposition of all prior cohorts of plant material is thus approximately equal to NPP.

Intercepting and stabilising plant biomass production reduces the return of carbon to the
atmosphere, with a relative reduction in atmospheric CO, (see Figure 2.1). This reduction
can be quite immediate if the default rate of decomposition is months to years, as it is for the
dominant portion of biomass returned to soil in managed (agricultural and forest)
ecosystems. Controlled charring (pyrolysis) can convert up to half of the carbon in plant
biomass into chemical forms that are biologically and chemically recalcitrant i.e. will not
significantly degrade through microbial activity or chemical reaction in the environment. In
principle managed soils have a capacity to store pyrolysed biomass at a rate significant in
terms of emissions of carbon from fossil fuel.
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Figure 2.1: Schematic for the scale of the global carbon cycle
Source: Grace (2004)

The conversion of carbon in plant biomass to charcoal during natural fire is only about 1-5%,
but the high level of stability established for such material in soil, which is generally a highly
active biological medium, leads to expectation for similar stability in deliberately produced
biochar. Biochar deployed as a “carbon negative” technology at the scale of 1 GtC y"' would
be equivalent to expanding the natural cycle of fire-derived charcoal storage in geographic
terms, and increasing its global magnitude by a factor of 4—20 (Kuhlbusch, 1998).

Methane (CH4) and nitrous oxide (N.O) are the second- and third-largest contributors to
radiative climate forcing after CO,. Soil is a key source of both gases, which are emitted
though natural microbial processes. The global significance of these processes has
increased with agricultural expansion, since higher emission is associated with flooded soil
conditions and with an enhanced nitrogen cycle provided by the use of fertiliser, manures
and slurry. Since both CH; and N,O are also associated in part with organic matter

33



decomposition, stabilising degradable organic matter could have a direct impact on soil-
based emissions of these gases. Interventions in the nutrient or water balance of soil
through changes in the dynamics of water in soil, or through the adsorption of nitrogen (as
ammonium) may indirectly modify emissions of these gases from the soil.

To be a significant response to climate change, carbon equivalent abatement on a scale of
millions of tonnes needs to occur, preferably hundreds of millions of tonnes. To intercept net
primary productivity (NPP) and produce biochar at this scale presents a practical challenge,
but still only involves a small fraction of total plant NPP (60 GtC y™') of which 30% is already
calculated to be ‘co-opted’ by humans (Vitousek et al., 1986). Increased efficiency of
biomass recovery in managed ecosystems, diversion of biomass from current uses where it
has a low value, and utilisation of used biomass (organic waste) streams provide three ways
in which it might be achieved. The fourth option is to sustainably harvest more biomass,
which might be achieved by growing more productive plants, increasing the area of
managed land, or adjusting harvesting regimes. Clearly, demonstrable effects on NPP
arising from the deployment of biochar could be factored into such strategies.

2.2 Biochar bioenergy

Biomass and organic wastes have energy value and can be burned as fuel. In the process of
biomass pyrolysis, thermal degradation consumes energy and emits CO,, but liberates
sufficient quantities of energy-rich combustible gases such as hydrogen and methane to
make the overall process net exothermic. In traditional production of charcoal some of the
gases may be lost to the atmosphere together with oils and tar as smoke, which may contain
the greenhouse gas (GHG) nitrous oxide (N.O) as well as methane. In controlled pyrolysis,
oil can be condensed or combusted with tar in the vapour form, to utilise its energy value.
The solid by-product of pyrolysis, char, which may comprise charred volatiles as well as
charred primary feedstock, also has an energy value.

In effect pyrolysis transfers a portion of potential energy in biomass into gaseous and liquid
phases in variable proportion, which can then be captured or immediately burned for
bioenergy (heat or heat and power). Some of this energy may be required to maintain
pyrolysis of further biomass, and to dry pyrolysis feedstock. The energy in gas and liquid
should exceed that required to sustain the process, but this surplus diminishes with the
proportion of carbon retained as solid char.

Until recently processes to capture energy from biomass using pyrolysis focused on the
liquid (oil) product, which can be maximised by heating very rapidly (fast pyrolysis). Slow
pyrolysis favours production of solid over liquid, and technologies to produce larger
proportions of char could emerge at a range of scales and diverse socioeconomic contexts.

In still largely conceptual pyrolysis—biochar systems (PBS), energy production from slow
pyrolysis is linked to agriculture or forestry not only through provision of feedstock, in the
form of straw, brash, etc, but the return of char to the soil as biochar after potential
contaminants formed during pyrolysis have been evaluated. Pyrolysis of organic waste
streams may provide an alternative source of feedstock for PBS, although with consideration
for potentially harmful elements or compounds that may be present in the feedstock and
retained in the biochar product.

2.3 Carbon sequestration as biochar in soil

Adopting biomass stabilisation by pyrolysis as a climate change mitigation option,
deployment at adequate global scale, assurance of the necessary level of stability for carbon
in char and evaluation of the overall sustainability (e.g. with respect to direct and indirect
land-use change and social impacts) would be prime requirements.

Reliable and secure storage for annual storage and large cumulative amounts would have to
be available, and whilst simple burial (for example in landfill or disused mines) has been
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considered (Seifritz, 1993), these possibilities would be limited and costly and potentially
dangerous. However, many studies have shown that charcoal from natural sources may
persist in soil, in the presence of high levels of biological activity, for centuries or millennia.

The broader land surface, and in particular soils that are already actively managed, may
therefore provide the capacity required for a large and enduring strategy for storing carbon in
biochar (Lehmann et al., 2006). The key assumptions are that the estimates for stability of
charcoal made so far are typical and accurate, that biochar from pyrolysis and more diverse
feedstock exhibits broadly similar levels of stability as natural charcoal and that appropriate
feedstocks can be provided sustainably and without adverse environmental or socio-political
impacts.

24 Indirect CO.equivalent Impacts

The viability and practicality of adding biochar to soil may depend on benefits being provided
to agricultural productivity, and with no other negative impact on the agri-environmental
system. Furthermore, delivering this must not comprise significantly the stability of biochar
carbon. Charcoal is an element of growing media marketed in horticulture, where
practitioners contend that it improves root health and water supply. In the field, the porous
structure of charcoal (Bird et al., 2008) suggests that improved consistency in crop
performance might be expected especially in drought prone land.

Produced under contrasting temperature and from materials with more or less endogenous
structure e.g. wood compared to cereal straw, the impacts of biochar on soil physical and
chemical properties may differ from those provided in soils historically or traditionally
managed with charcoal. The retention and availability of biomass-derived nutrients in biochar
appears to offer potential for some exhaustible agronomic value, as could alkaline pH
substituting for agricultural lime in acidic soils (Van Zwieten et al., 2009). Persistent or
evolving properties, such as capacity for cation exchange (Liang et al., 2006), etc, may be
significant, and more or less valuable depending on time horizon.

Cation exchange offers capacity for soil to store plant-available N, in the form of ammonium
(NH4"), and high cation exchange capacity (CEC) can be associated with enhanced use-
efficiency for nutrients. In soils that are low in clay minerals that provide most indigenous
CEC, maintaining higher stocks of active soil organic matter through regular addition of crop
residues and manure is one possibility. Some forms of biochar may display, or over time
develop, high CEC. In some sails it is possible that CEC might be slowly increased by the
addition of stable biochar, and incrementally enhanced by repeated addition.

Soils with ideal pore-size distribution retain plant-available nitrogen in the soil, increasing
plant uptake and increasing fertiliser-use efficiency. This implies lower fertiliser requirement
and lower eutrophication risks. If the accumulation of biochar results in beneficial change in
pore-size distribution, it would result in a change more permanent than can be achieved
through the effects of degradable and thus transient organic matter that can be used to
condition soil.

The release of nitrogen by soil microbes from decomposition of crop residues in the low-
growth winter period is a key source of nitrogen lost to water and the atmosphere. Increasing
the use-efficiency of nitrogen in recoverable crop residues is therefore of relevance to
eutrophication through leaching, and N.O emissions. At least half of the nitrogen in biomass
is eliminated from the feedstock during pyrolysis but is, potentially, recoverable (Day et al.,
2005). The availability of the remainder is likely to be low relative to that of nitrogen in the
pyrolysis feedstock.

Changing the abundance or physical position of aerobic space in soil (with respect to loci of
microbial activity) has the potential to mitigate CH, emission. The emission of N,O from soil
could be suppressed by adsorption of nitrogen in the form of ammonium (NH,*). Emissions
of both CH4 and N,O are notoriously variable temporally and spatially and also sensitive to
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soil pH. However, these mechanisms may be relevant in suppression of CH, and N,O by
biochar observed at certain locations or under certain controlled conditions (Van Zwieten et
al., 2009).

The Haber-Bosch process used to fix atmospheric nitrogen into solid soluble (ammonium)
form is an energy intensive process that accounts for about 40% GHG emissions associated
with arable agriculture. Typical use-efficiency for fertiliser nitrogen in the UK is high relative
to the global average of 30-50% (Ladha et al., 2005) attributable to leaching, immobilisation
and gaseous loss, and leaching. Technologies that improve the management of these
processes through the soil can therefore offer an indirect gain in agricultural carbon
equivalent balance.

Liming of agricultural soil also transfers carbon from the geological pool to the atmosphere
through production (calcining of limestone) and subsequent neutralisation in the soil
(Houghton et al., 1997; West and McBride, 2005). The alkalinity typical of biochar can
potentially substitute for the use of lime in the management of soil pH without emission of
CO, (Van Zwieten et al., 2009).

25 “Carbon negative” energy

Combustion of biomass cycles atmospheric CO, with capture of energy but without net
removal. The suggestion that PBS can be carbon negative may be correct in the sense that
some CO, removed by plants would become effectively sequestered into a stable store of
carbon in soil. However, the description may be considered somewhat erroneous in that the
energy value of pyrolysis products other than char will be lower than that obtained from
biomass in combustion, the sequestered carbon also representing sequestered energy.
Whether pyrolysis or combustion then provides more carbon abatement depends crucially
on the efficiency of both pyrolysis and systems otherwise used to generate energy.
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3 BIOCHAR PRODUCTION
Ondfej Masek and Peter Brownsort

Pyrolysis is a thermochemical conversion process in which organic materials decompose in
an atmosphere depleted of oxygen. Until recently technology for acquiring the solid products
of pyrolysis ranged from primitive kilns inspired by ancient charcoal making practices, to
devices drawing from developments in pyrolysis for biofuel (oil) production. However, both
charcoal making and oil production are processes distinct from the production of biochar in
objective, reflected in process design and operation.

The main objective of charcoal production is fuel for cooking, iron production or as a starting
material for preparation of activated carbon. As such, the requirements for charcoal (i.e.,
good combustion and minimum impurities) are clearly different from the requirements for
biochar, i.e., long term carbon stability, beneficial impact on soil properties, e.g., CEC, pH,
specific surface area, etc. These are far more complex and not well understood, due to the
intricate interaction of biochar with soil and plants.

On the other hand, pyrolysis systems for biofuel production have been successfully
developed to maximise the yield of pyrolysis liquids, while minimising the yield of undesirable
by-products, i.e. char and gas. This resulted in development of technologies such as fast
pyrolysis and flash pyrolysis, which produce a minimum yield of solid and are therefore
unsuitable for biochar production and will not be covered in this chapter.

Only a small number of pyrolysis systems optimised for char production, so called slow
pyrolysis systems, have been developed to date. This chapter will not attempt to describe
different pyrolysis systems for biochar production, as this has been already done elsewhere
(Collison et al., 2009; Lehmann and Joseph, 2009; Sohi et al., 2009), but instead will focus
on analysing those aspects of production that will play a crucial role in any biochar
deployment.

These include the effects of feedstock and pyrolyser operating conditions on biochar yield
and quality, and system carbon and energy balance. The analysis is based on a thorough
review of publicly available literature, assisted by data and opinions obtained from experts
on pyrolysis via direct communication. Wherever possible, data from at least pilot scale
facilities have been used in the analysis, to obtain an assessment as close as possible to
reality.

3.1 Effect of operating conditions on char yield and properties

The main objective of this review was to assess the variability of product yields from
pyrolysis processes as a function of operating conditions and feedstock properties.
Alternative approaches to biochar production, such as hydrothermal carbonisation and
microwave pyrolysis were not considered in this report, as at present insufficient information
is available on these processes, their variability and yields, and the quality of the char
produced.

In terms of variation in the pyrolysis process, variability may be either intentional or
unintentional. Intentional variability refers to a change in product yield and mix that results
from deliberate change in set operating conditions such as pyrolysis temperature.
Unintentional variability refers to unplanned changes in operating conditions resulting from
issues of homogeneity in feedstock composition and a limited control of process conditions.
Sources of variability will relate to the main controlling parameters, i.e., feedstock,
temperature, heating rate, etc.

Heating rate is predominantly defined by the design of the pyrolysis facility and cannot be
readily varied to any great extent for a given pyrolyser. With respect to heating rate, pyrolysis
processes are commonly divided into four categories as follows, starting from the highest
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heating rate: flash (very high), fast (high), intermediate (medium) and slow (low). The main
impact of heating rate on pyrolysis is on the product mix, where high heating rates (and short
residence times) favour high liquid (oil) yields and low heating rates (and long residence
times) high yields of solids (char).

Variation in biomass feedstock, even if nominally from a single source, is likely to be one of
the main causes of variability (Downie, 2009). The exact composition of a type of biomass
depends on many factors and will vary according to when, where and how it was grown,
harvested, and stored. The absolute carbon content in nominally the same biomass
feedstock may differ by as much as 10% (Gaur and Reed, 1995). The composition of a
single supply of a particular biomass type should be more consistent but is not likely to be
truly homogenous, except at small scale, unless special provisions for mixing and blending
are made. Feedstock moisture content and particle size may vary within and between loads
and affect process yields.

Temperature control is also likely to be an important cause of variability, particularly for slow
pyrolysis. The lower heat fluxes and longer residence times of slow pyrolysis give scope for
unintentional variation in heating rate and peak temperature. For example, a slow pyrolysis
demonstration plant in Australia considered to be “a highly controlled process” (Downie,
2009), is reported to operate within a £30°C temperature range under continuous steady
state conditions at 550°C (Downie et al., 2007). Figure 3.1 indicates variation of this
magnitude may impact char composition and properties, char yield and pyrolysis products.
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Figure 3.1: Effects of temperature and heating rate on (a) char yield, and (b) carbon, hydrogen and
oxygen content of beech chars

Note: Solid and dashed lines are 2°C and 10°C min™" heating respectively (Antal and Gronli, 2003)

In addition to impacting product mix, feedstock and pyrolysis conditions influence the
properties of solids that might be applied to soil as biochar.

pH

It has been reported that biochar can be produced at almost any pH between 4 and 12 by
appropriate selection of feedstock and operating conditions (Lehmann, 2007a). Typically,
low pyrolysis temperatures (up to approximately 400 °C) yield acidic biochar (pH <7), with

pH increasing with pyrolysis temperature above this point to produce alkaline biochar
(pH>7). At very high temperatures (~800 °C) biochar can reach pH12.

Cation exchange capacity

Biochar has the capacity to exchange cations (such as nitrogen in the form of ammonium,
NH,") with soil solution, and thus store crop nutrients. The extent of this capacity (cation

38



exchange capacity, CEC) is effectively absent at very low pH and increases at higher pH
(Lehmann, 2007a). Experimental results show that the CEC of fresh biochar is typically very
low, but increases with time as the biochar ages in the presence of oxygen and water
(Cheng et al., 2008a; Cheng et al., 2006; Liang et al., 2006). The possibility of producing
biochar with higher CEC is under investigation.

Specific surface area

Extensive literature review has shown that biochar with a broad range of specific surface
area (SSA) can be produced (Figure 3.2). The main parameters influencing SSA are
pyrolysis temperature, heating rate, residence time and presence of active reagents (e.g.,
steam, CO,, O, etc.). Figure 3.2a shows that the total surface area of biochar from most
feedstocks tends to increase with increasing pyrolysis temperature. This is mainly due to the
development of micropores that are responsible for most of the surface area, see Figure
3.2b. At present it is not clear whether the additional surface area, presented by micropores,
plays as important a role in soils as macropores, and therefore whether it is beneficial to
produce a biochar with extremely high SSA. It may be possible to produce biochar with high
SSA in the macropore range. However, biochar physical structure tends to be defined by the
starting material, so fine milling or compaction of the feedstock before pyrolysis is necessary
to achieve a well defined macroporous product (Kurosaki et al., 2007).
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3.2 Process variables

Typical and wider reported ranges for key process variables and product yields of slow,
intermediate and fast pyrolysis processes are shown in Table 3.1.

Slow Intermediate Fast pyrolysis
pyrolysis pyrolysis

Process
Temperature
Range 250-750 320-500 400-750
Typical 350-400 350-450 450-550
Time
Range mins-days 1-15 mins ms-s
Typical 2-30 mins 4 mins 1-5s
Yields (% o.d.)
Char
Range 2-60 19-73 0-50
Typical 25-35 30-40 10-25
Liquid
Range 0-60 18-60 10-80
Typical 20-50 35-45 50-70
Gas
Range 0-60 9-32 5-60
Typical 20-50 20-30 10-30

Table 3.1: Scope of pyrolysis process control and yield ranges
Note: Based on review of over 30 literature sources (Brownsort, 2009)

3.3 Sensitivity of pyrolysis—biochar systems to pyrolysis yield

Limited evidence concerning the effect of unintentional variation in pyrolysis process
suggests assuming a relative standard deviation (RSD) of +5% for char yield is reasonable
(Brownsort, 2009). Sensitivity analysis indicates that control over the yield of char can be
important when comparing the net benefit of PBS and combustion, depending on the areas
in which biochar most affects the calculation outcome.

34 Carbon mitigation potential of alternate production technologies

From the sections above and Table 3.1 it is clear that biomass pyrolysis processes can be
optimised and operated to prioritise the production of char, liquids or gases in a wide range
of product distribution. Therefore, it is important to identify where in the range lies the
“optimum”. The optimum as defined in this report is taken from the point of view of carbon
equivalent abatement. The overall effect of pyrolysis-biochar on carbon abatement can be
described as the sum of two main factors: the carbon stored in char (related to CO, removed
from the atmosphere) and the CO, emissions avoided through substitution of fossil fuels by
use of pyrolysis products for energy. From this the three prevailing technologies for biochar
production (slow, intermediate and fast pyrolysis) were analysed, and a simplified model
developed to calculate the net effect of biochar on CO, emissions and on the electricity
output available from each process (Brownsort, 2009). The data required for the model
(Table 3.2) were gathered in a comprehensive literature review complemented by direct
communication with relevant experts (Downie, 2009; Downie et al., 2007; Dynamotive
Energy Systems Corporation, 1999; Gaunt and Cowie, 2009; Hornung, 2008; Hornung et al.,
2006; Redlein and Kingston, 2007).
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Model inputs Slow Intermediate Fast pyrolysis
pyrolysis pyrolysis

Process input

Biomass

Carbon content (%) 46 43 50

Energy value (MJ kg™) 17 * 16 19
Pyrolysis process data

Gas yield (% input mass) 45 32 13

Liquid yield (% input mass) 15* 35 72

Char yield (% input mass) 40 34 15

Energy loss (% input) 6" 0 3

Process energy (% input) 10~ 10 * 10
Primary process output

Gas

Energy value (MJ kg™ 13.1 11.0 11.5

Carbon content (%) 37.4 30.0 * 36.0 *

Liquid

Energy value (MJ kg™ 0.0* 12.0 17.9

Carbon content (%) 0.0* 30.0 * 46.5

Char

Energy value (MJ kg™ 25.0 * 24.7 27.0

Carbon content (%) 72.3 70.0 * 78.0 *

Table 3.2: Data required for the pyrolysis process model
Note: * = estimated. See text for sources of other figures

The model calculates CO, emissions avoided when fossil fuel is substituted by use of a
biomass based renewable energy source for the generation of electricity and compares it to
direct combustion of biomass for electricity production. The reference case used in this
model relates to the average CO, equivalent emission (including contributions of CH, and
NoO) from generation of UK grid electricity. The carbon dioxide emission factor (CEF) of the
UK grid varies over time with the mix of fuels used. It has decreased over recent decades
with the trend away from coal toward use of natural gas. Expressed as kg CO»eq kWheq™
electricity CEF has fallen from 0.78 in 1990 to 0.55 in 2007 (Defra, 2008). Given this trend
the UK government recommend using a CEF of 0.43 kgCO.eq kWheq™' for comparisons
when considering renewable electricity (Defra, 2009a) and this figure is used in the model as
UK grid average reference case.

Model outputs, carbon stability factor 0.75 Slow Intermediate Fast pyrolysis
pyrolysis pyrolysis
Energy product (kWh eq kg™ 0.d. feedstock) 0.38 0.56 1.18
Net CO, benefit (kg CO, eq kg™ o.d. feedstock)
Pyrolysis -0.96 -0.88 -0.80
Combustion -0.67 -0.63 -0.75

Table 3.3: Pyrolysis process model results

Reiterating, the model calculates the net effect on CO, emissions and the electrical energy
output of biomass pyrolysis processes, and compares these to alternative direct use by
combustion of the same biomass resource for electricity generation, both with reference to a
projected UK grid average carbon dioxide emission factor. The model boundaries cover only
the pyrolysis process and immediate use of products for electricity generation and it is
limited by a lack of available data. Model outputs are all expressed on a feedstock dry weight
basis.

41



Using the model case input data summarised in Table 3.2 with a default value of 33% for
electrical conversion efficiency the main model output data is given in Table 3.3. The results
in Table 3.3 are calculated using the assumption that of the carbon present in fresh biochar
75% will remain in the soil indefinitely, and that there is no use of spare process heat.

Results of the model show that fast pyrolysis may give the highest electrical energy product.
This is due to the high liquid (oil) yields from the process, which can then be used for power
generation. On the other hand, the electrical energy product is lowest for the slow pyrolysis
process where much of the energy value of the feedstock is stored in the biochar product.
There are benefits in terms of CO, removal from the atmosphere in each case, arising from
a combination of sequestration of carbon in char, and the avoidance of emission from fossil
fuel use. The magnitude of the benefit is greatest for slow pyrolysis where most carbon is
retained in biochar and least for fast pyrolysis where char yield is low. The differences
across most of the data outputs can be linked back to the product yields in a similar way.

3.5 Contaminants

There are two main potential sources of contamination in biochar: feedstock and the
conversion process. Depending on the origin and nature of the pyrolysis feedstock, biochar
may contain contaminants such as heavy metals and organic compounds. Some of these
compounds will undergo changes in the conversion process and might be destroyed (or
converted to benign compounds) while others will remain unchanged or give rise to
potentially harmful substances. In addition to the contaminants introduced in the feedstock,
some contaminants can be formed also in the conversion (pyrolysis) process. These include
polycyclic aromatic hydrocarbons (PAH) and potentially, in some cases, dioxins. The
physical form of pyrolysis products may present a direct health risk, or increase or decrease
the risk of elements, compounds or crystalline material both in feedstock or formed during

pyrolysis.
Heavy metals

Heavy metals present in the feedstock (e.g., MSW, sewage sludge, treated wood, etc.) are
most likely to remain and concentrate in the biochar (Helsen et al., 1997; Lievens et al.,
2009; Ryu et al., 2007; Vassilev and Braekman-Danheux, 1999; Vassilev et al., 1999).
Therefore, careful selection and analysis of feedstock is necessary to avoid contamination of
biochar with increased levels of heavy metals. Heavy metals are stable materials and
therefore retained (conserved) during volatilisation of associated organic molecules. The
majority of metals will, therefore, be present as ash within biochar (together with nutrient
elements such as phosphorus and potassium). It may therefore be possible to manipulate
contaminant loadings through selective removal of ash (Hwang et al., 2008).

Polycyclic aromatic hydrocarbons

PAH can be formed from any carbonaceous feedstock. The major chemical pathways for
PAH formation in the pyrolysis process are the high temperature secondary and tertiary
pyrolysis reactions (homogeneous and heterogeneous), as shown in Figure 3.3 and Figure
3.4. The formation of these tertiary pyrolysis products increases with the pyrolysis severity
(i.e., temperature and residence time) and becomes significant at temperatures around
750 °C.

However, there exists also a second, less explored route for PAH formation. Evolution of
PAHs from the solid substrate has been reported in the temperature range of 400—-600 °C
(Hwang et al., 2008; McGrath et al., 2001). This pathway yields predominantly lower
molecular weight PAHs, although higher molecular weight PAHs, such as Benzo[a]pyrene,
are also formed (McGrath et al., 2001; McGrath et al., 2003; McGrath et al., 2007).
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As the optimum temperature for biochar production lies in the region 450-550°C, in a well
controlled system (without hotspots) formation of PAH would proceed mainly by the
evolution from solid substrates. PAH formation in the gas phase should be minimal, due to
the low pyrolysis temperature. Data on PAH content in pyrolysis char are scarce, but indicate
that the concentration and composition of PAH in biochar are feedstock dependent (Zhurinsh
et al., 2005). Other data show that PAH concentrations in biochar produced from untreated
biomass at temperatures of up to 600°C are lower than those in urban soils in England, in
the order of 10-100 mgkg' (Creaser et al., 2007). Biochar produced from chemically
treated biomass is liable to contain considerably higher levels of PAH than biochar from
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virgin feedstock, due to the possibility of indigenous PAH and apparent in a study of biochar
produced from railway sleepers previously treated with tar and creosote (Zhurinsh et al.,
2005). Available published data on the concentration of benzo(a)pyrene, one of the most
toxic PAH compounds, is shown in Table 3.4

benzo[a]pyrene content (ug kg™]

Birch char Pine char  Pine sleeper  Urban soil Rural soll
char (England) (England)
310 570 4040 714 67

Table 3.4: Concentration of benzo(a)pyrene in biochar and UK soill
Sources: Zhurinsh et al. (2005), Creaser et al. (2007)

3.6 Dioxins

Dioxins, unlike PAH, require the presence of chlorine as an essential building block.
Consequently, only biochar produced from feedstock containing significant amounts of
chlorine (e.g. halogenated plastics) would be prone to generation of dioxins under certain
conditions. However, the dioxin formation process is heavily dependent on the temperature
history of the pyrolysis products, and relatively high temperatures (around 750 °C) (Froese
and Hutzinger, 1996a, b) are required for the formation of dioxin precursors (chlorinated
benzenes and phenols). In addition, oxygen is required for the de-novo mechanism for dioxin
formation (one of the possible mechanisms for dioxin formation). Without precursor it is
unlikely that dioxins would be produced in pyrolysis due to anoxic conditions, even at 450—
550°C and from feedstock containing chlorine - pyrolytic conditions also at least partially
destroy dioxins present in feedstock. If precursors such as chlorophenols were present in
feedstock, these could conceivably acquire dioxins through condensation reactions in
pyrolysis. It would nonetheless be desirable or necessary to confirm absence of dioxins
analytically, wherever there was reason to suspect dioxin or dioxin precursors in feedstock,
not least since disruption to process conditions could temporarily result in conditions more
conducive to their formation.

3.7 Bespoke biochar

The properties of biochar can be manipulated across a wide range by deliberate matching
feedstock and production conditions. This suggests that it might be possible to produce
(engineer) biochar that displays well defined properties fit for a specific purpose, e.g., for
increasing soil available nutrients, increasing stable carbon in soils, mitigating nitrogen
leaching, etc. At the moment, however, the concept of ‘bespoke biochar requires much
greater understanding of how different biochar properties impact soil and plant processes
and how they may interact. Most relevant research to date has been undertaken using
available charcoal products prepared under uncertain or arbitrary conditions (Chapter 4),
rather than a systematic assessment of individual properties and functions.

Categorisation of biochar may be possible once the extent to which key functions can be
independently controlled during pyrolysis, and the extent to which they are mutually
exclusive, or may be integrated. To address this, research into the impact of a set of well-
defined biochar products on key soil processes is required. Research into the design of
pyrolysis for cost-effective biochar and energy production is also necessary.
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4 IMPACTS OF BIOCHAR ON SOIL
Saran Sohi

Biochar is the solid product of biomass pyrolysis and potentially bioenergy co-products,
where the process and product is designed for safe and beneficial application to soil.
Material that meets the criteria of this definition currently does not exist at significant scale, in
part because no specification or certainty can be provided for the soil-derived benefits
available to the agricultural enterprise, or the timescale over which they will be realised. In
addition to the risk of seeing no positive effect, there is the potential for negative impacts to
arise from biochar, either short-term or more permanently, if it is not applied with a good
understanding of its origin, production and functional properties. Users may be unclear about
the possibility of negative effects, or the position regarding regulatory compliance.

The capacity to predict the function of biochar in agronomic terms, and a measure of its
capacity to store carbon for the period relevant to climate change mitigation, appear pre-
requisite to assignment of monetary value to biochar, and potentially a market in its
production and sale. The corresponding projected UK costs for biochar are discussed in
Chapter 9. The purpose of this Chapter is to review the current status of scientific
understanding of biochar as it pertains to soil function and soil carbon storage.

Although the definition of biochar used in this report excludes charcoal (implicitly or explicitly
encompassed by other definitions), charcoal is an analogous material. As well as being
available, charcoal in the natural environment provides the only source of relevant direct
evidence for long term stability of biochar, having been used historically by humans and in
many natural ecosystems deposited through periodic fire.

The more temporary beneficial impacts may be chemical and result from leachable ash and
modification of soil pH, promotion of short-term microbial activity including the effect of small
labile fractions. Physical benefits may arise from modification of soil bulk density, water
holding capacity and promoting soil aggregation (possibly in combination with soil biological
effects). These effects may be temporary or long term. Thermal properties may change as
well (Oguntunde et al., 2008).

Other effects relate to the provision of cation exchange capacity (CEC) and specific surface
area (SSA), biological associations (with micro-organisms, fungi and with plant roots), and
bio-physical benefits (mediating the connection of micro-organisms and microbial substrate,
promotion of meso-faunal activity, including earthworms). The potential for detrimental
effects on the soil would depend on the source of the biochar applied, and the rate and
timing of its application. Negative impacts could include leaching of nutrients, addition of
toxic elements (metals), or the introduction of organic contaminants. Where biochar has a
high affinity for nitrogen there may be negative short-term effects on crop nutrient supply, i.e.
potentially reducing nitrogen availability to the plant in the period after application.

Scientific research of biochar is a relatively new topic, and therefore generality in site-
specific observations is not yet apparent, while extrapolation from individual observations is
not yet possible. At this point a convergence in methodologies has not emerged, and until
recently there have been no strategic research programmes to provide a systematic
evaluation. The nature of PBS also demands coordination and consolidation of research
effort with pyrolysis engineering, in order to produce biochar that expresses particular,
possibly multiple functions in soil.

The review undertaken for this Chapter has systematically assessed the published scientific
literature relevant to the function of biochar in soil, and to convey the balance of research
effort and evidence to date and, as mentioned above, and draws heavily on studies of
analogous products, i.e. various types of charcoal. Research papers accessed and
categorised are summarised in tabular format in Appendix 1.
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The literature review has assisted in identifying key areas for future directed research
(Chapter 12), and has been interpreted in the context of elicited expert opinion reflecting a
wide body of emerging evidence, as well as perceptions based on an interpretation of the
literature.

4.1 Key functions of biochar

To effectively assess the literature it was necessary to establish the key relevant potential
functions of biochar in soil. These are listed and defined below prior to addressing what is
not yet known with respect to the basic questions. The potential risks arising from the use of
biochar are dealt with toward the end of this Chapter as well as in Section 3.5.

Provision of labile organic mater

Rapid utilisation of labile substrates in soil can build a store of nutrients in soil microbial
biomass, which may become available for plant acquisition and growth over time. The
potential benefits of labile carbon in soil can create a constraint to crop growth if substrate
nitrogen is low, and if at the time of addition inorganic (i.e. available) nitrogen in the wider
soil is limited. This is because nitrogen as well as carbon is required to build new biomass
and microbes out-compete roots.

Nitrogen is progressively volatilised during pyrolysis so the ratio of carbon to nitrogen in
biochar is generally much higher than in the feedstock. However, if biochar is entirely stable
will not present the readily accessible carbon substrate necessary to create microbial
demand for external nitrogen. Whether significant nitrogen immobilisation of soil nitrogen
occurs should therefore depend on the size of the biochar addition, the size of the labile
fraction, and whether the ratio of nitrogen to carbon of the labile fraction reflects that of the
bulk biochar sample.

Storage of stable in carbon

The stable portion of biochar is the fraction for which, in the future, a carbon credit might be
claimed. In the context of climate change mitigation an in situ mean residence time (MRT)
exceeding 100 y is essential (see section 7.5). There is, as yet, no robust methodology for
establishing the MRT of a specific biochar product: this is one of the key scientific
uncertainties and policy needs. The sum of stable and labile carbon should not reflect the
total carbon content of biochar, as fractions of intermediate stability are also likely to be
present.

Supply of plant available nutrients

Aside from nitrogen, most potential nutrients in pyrolysis feedstock are largely conserved
during pyrolysis (as also are potentially toxic elements). Progressive elimination of carbon,
oxygen and hydrogen during pyrolysis therefore increases the total concentration of minerals
in the char residue, and in potentially extractable forms as ash. Biochar ash content
increases in inverse proportion to retained carbon feedstock, analogous to that which arises
in combustion but distributed within a complex physical matrix.

Solubilisation of ash may result in minerals becoming available to plants on addition to sail,
although since phosphorus (as phosphate) is rapidly complexed with minerals in soil this
may depend on scavenging directly from char by roots or symbiotic mycorrhizal fungi. In
general, introduction of readily-available crop nutrients can promote mineralisation of organic
matter, especially in marginal environments.

However, porosity and more specifically pore connectivity may control the release of soluble
nutrients from char, making release progressive rather than instantaneous as may be the
case in the solubilisation of combustion ash. This process could be associated with the
mineralisation of condensed tars and oils that appear to block biochar pores (Fernandes et
al., 2003).
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Modification of soil pH

The typically alkaline nature of biochar may increase microbial activity in acidic soils by
increasing pH and with this, another source of ‘priming’ for the decomposition of pre-existing
organic matter, although modification of soil pH may also increase plant productivity and
thus the amount of carbon substrate added to the soil through roots and residues. Mass for
mass, the value of char in pH modification may be up to one-third that of agricultural lime
(Van Zwieten et al., 2010) and, at experimental rates, can increase soil pH by 1 unit.

Modification of soil physical characteristics

Depending on the distribution of particle size in the soil, the rate and nature of biochar
applied and the time since application, soil pore-size distribution and water holding capacity
may be affected. Porosity in char may occur at a range of scales, which affects the
proportion of water than can be retained, and equally the accessibility of held water and
solutes to plants which can exert sufficient tension to extract the contents of macropores
(0.1-=30 um diam) that may not drain naturally. Structurally sound pores of this dimension
are abundant in fresh wood-derived charcoal (Brodowski et al., 2005a), and the connectivity
of the relatively small number of larger pores has been investigated in three dimensions by
tomography (Bird et al., 2008).

However, the fresh particle size of powdery charcoal created from grass feedstocks appears
to be less than 50 um (Janik et al., 1998), and weathered charcoal while generally found in
larger fragments, also resides in this size range (Brodowski et al., 2006). In clayey soils
particles may be less than 5um (Schmidt and Noack, 2000). During weathering, and
particularly for char from woody substrate, the position of char fragments within the soll
mineral matrix is likely to alter over time. The effect that this has on total porosity, accessible
pores, and accessible surface areas has not been explicitly examined.

Nonetheless, while initially macro-porous it is established that the great majority of total
porosity in wood-derived charcoal may reside in micropores of nm-size (Pignatello et al.,
2006). Oils and tars could represent less stable components of biochar around which
microbial activity could promote micro-aggregation, relevant to water infiltration, and
resistance to water erosion. An apparent role for charcoal in aggregation in has been
observed in field soils (Brodowski et al., 2006), although short term incubation with activated
charcoal did not cause aggregation under controlled conditions (Watts et al., 2005).

Cation exchange capacity and sorption

Progressive abiotic and biotic surface oxidation of charcoal results in surface proliferation of
carboxyl groups and an increasing ability to sorb cations (Cheng et al., 2008a; Cheng et al.,
2006), explaining high cation exchange in archaeological soils (Liang et al., 2006). Negative
charge provides the possibility for reversible storage of available nitrogen (ammonium, NH,")
relevant to soil-based N,O emissions and nitrate leaching. A mechanism based on the
dehydration of phosphate and charcoal has also been described for the adsorption of
phosphorus (Beaton et al., 1960), which may explain the apparent impact of biochar on crop
phosphorus uptake possibly aided by arbuscular mycorrhizal fungi (Lehmann and Rondon,
2006).

Charcoal has the capacity to sorb polar compounds including many environmental
contaminants (Yu et al., 2006), particular PAH for which it may be the dominant sink in soils
and sediments (Rhodes et al., 2008). The significance of biochar addition in removing
contaminants from the environment depends on its capacity to fulfil this function relative to
charcoal, the affinity (security and reversibility) of stabilisation, and the ultimate fate of both
char and contaminants, and also the contaminants that it contains (Section 3.5).

Microbial activity
The possibility that biochar catalyses breakdown of organic matter by providing microbial
habitat alone is improbable, since microbial sustainable proliferation depends on a
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replenishable source of accessible carbon substrate as well as nutrients. Provided that the
majority of biochar carbon is highly stable, after an initial flush of mineralisation microbes
that inhabit biochar pores will depend primarily on the indirect effects of biochar to obtain an
enhanced supply of substrate. This could either be through the capture and retention of
soluble organic matter otherwise lost to deeper horizons or watercourses, or through a
change in loci of plant root activity. Increased plant productivity, however, should be
reflected in increased exudation of carbon through roots, and the deposition of carbon from
residues of above-ground growth. The complication that this adds to interpretation of field
data has been highlighted by Major et al. (2010).

Many plants can form symbiotic associations with mycorrhizal fungi, whose filamentous
hyphae provide an extension to plant roots which can enhance acquisition of both nutrients
and water, at the expense of some metabolisable plant carbon. Although potentially limited
by inoculum, soil chemical conditions and the abundance of exploitable nutrients are more
likely to limit mycorrhizal proliferation in most circumstances. Reported promotion of
mycorrhizal activity by biochar (Rondon et al., 2007; Yamato et al., 2006) could reflect
utilisation of reversible stores of water and soluble nutrients, or exhaustible ‘mining’ of
nutrients embedded in ash. Warnock et al. (2007) proposed a range of possible
mechanisms.

4.2 Limitations of existing research base

Until recently there have been no directed research programmes to strategically evaluate
biochar for its function in soil. Much of the current understanding of the function of biochar
rests on published data for charcoal, often in the context of natural systems and wildfire. For
reasons highlighted in Chapter 3, the function of biochar in soil is strongly influenced by
formation conditions, and charcoal may only provide an insight into some general principles
of biochar function in soil. In addition to the problem of extrapolating from studies of
charcoal, pilot- and commercial-scale pyrolysis may produce biochar that differs from the
products of bench scale pyrolysis systems operating under ostensibly the same conditions.
There is no existing research to evaluate char from gasification, which is likely to provide a
function between that of biochar and ash from straight combustion.

There are very few pyrolysis reactors (or gasification plants) using organic feedstock
operating at a commercial scale in the UK, and existing facilities may offer relatively little
scope for researching biochar due to technical and logistical (as well as financial)
constraints. A small number of projects exist at the planning stage, and several biomass
gasification plants are under construction. However, such facilities have, and are being,
designed for energy provision rather than for producing a biochar by-product with consistent
properties. A relatively high degree of process control might be required to provide “bespoke
biochar”; new reactors may need to provide close and possibly flexible control if use of the
product in soil is contemplated.

The non-availability of specified biochar at an adequate scale has propagated considerable
research effort around charcoal, as its most available analogue. Given the similar formation
and chemical characteristics, charcoal in the natural environment provides a powerful tool to
investigate the long term stability of biochar. However, the short term impacts of biochar may
not be well represented in studies of old charcoal. This is in part because the feedstock can
be quite different, and partly because the more complex composition of biochar is
overlooked. Also, any labile components associated with the charcoal will have been
mineralised prior to sampling.

Publication of research papers on topics related to biochar has risen rapidly since 2000.
More than half of the papers assessed here have been published in or since 2007.
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4.3 Categorisation of current literature

Sediment or soil: Early evidence for the stability of biochar arose from sediments studies,
where charcoal is preserved under anoxic conditions in which decomposition proceeds
inherently slowly (Masiello and Druffel, 1998; Masiello et al., 2002). Generally, this more
established literature has been excluded here.

Static or dynamic: Static studies provide snapshot comparisons for a response variable at
locations where a relevant soil (or other) variable differs e.g. presence or absence of
vegetation burning history (Dai et al., 2005; Oros et al., 2002). In a dynamic experiment a
‘treatment’ is imposed, and change in response variables over a time period determined, or
ideally their trajectory observed through intermediate measurement. Chronosequence
studies are a variant of the latter that enable long term dynamics to be studied by using
samples deemed comparable, aside from the point in history at which the (ideally singular)
change or intervention occurred (Kimetu et al., 2008; Liang et al., 2009; Nguyen et al.,
2008).

Biochar or charcoal: Natural fire contains an anoxic zone where biomass pyrolysis prevails
over combustion. Natural fire yields low charcoal conversion rates in the range 0.1-5%
(Forbes et al., 2006). Wildfire is typically brief and the peak temperature variable. Heating
rate being rapid the conversion may be partial, superficial, or progressive and affected by
vegetation moisture content. Wildfire and charcoal are significant considerations in the global
carbon cycle, and now an established topic for research.

Much work on the dynamics of charcoal has been undertaken in this context, and laboratory
studies have aimed to mimic wildfire carbonisation by exposing biomass to similarly brief,
variable but generally low (ca. 350 °C) temperature and semi-oxic conditions, i.e. limited or
partial restriction of air flow. Experiments with char produced with complete exclusion of
oxygen, i.e. biochar as defined in this report, are much more limited and recent. Published
research using char from commercial pyrolysis reactors rather than material produced in a
laboratory-scale batch process are very scarce. Only eight studies categorised in Appendix 1
used pyrolysis char.

Short term or long term: The various functions of biochar listed may be manifest over
different timescales and, crucially, their trajectory may be non-linear (Figure 3.1). These
functions may not be entirely independent of other functions or the boundaries of the wider
system. The average duration of the dynamic studies identified in Appendix 1, including
those undertaken in field plots (but excluding long term chronosequences) was 11 months.
Although the chronosequence approach has been employed to observe the development or
demise of functions that change slowly over time (rather than emerge or decline rapidly at
the start), few attempts have been made to short cut such change, other than by imposing
favourable laboratory-imposed conditions.

Gasification or fast or slow pyrolysis: After oven drying plant biomass usually contains
about 45% carbon by mass and a few per cent mineral ash. Ash is broadly conserved, but
the proportion of carbon that is retained is specific to the process. Combustion leaves trace
amounts of carbon, gasification less than 10%, and pyrolysis typically 30—40% (Chapter 3).
Ash includes key mineral nutrients such as phosphorus and potassium, other metals and a
range of micro-nutrients concentrated by loss of total feedstock mass in the conversion
process (Brewer et al., 2009). The nutrient value of the products differs markedly on a
carbon-mass basis, but in terms of their value to crops will depend not only on rate of char
application but on the physical accessibility of nutrients in the char to leaching, plant roots
and mycorrhizal fungi. The production process and feedstock mineral content will also
modify the pH of the char by-products, which tend to be moderately to highly alkaline.

Feedstock: Scanning electron microscopy of fresh charcoal and charcoal aged in the
natural environment reveals a cellular structure resembling that of the woody feedstock from
which it was derived, lignified cell walls of dead xylem cells. The structure of char from grass
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and non-woody plant material is rarely reported, and similarly the structure of char produced
from digested or composted materials.

Tropical or temperate: Under otherwise equal conditions (moisture, nutrient and substrate
availability) biological activity increases with temperature. Consequently soils in the tropics
tend to be depleted in organic matter and associated biological activity relative to those from
temperate regions. In addition, soils that are very old have usually been subjected to
extensive weathering and leaching and display low inherent fertility and are often acidic.
Certain functions of biochar may be more or less conspicuous in such soils, so although all
functions may be expressed at all locations, they will be more or less apparent. In field
studies and controlled experiments, half of the research effort has been undertaken in
regions with above 20°C mean annual air temperature, and only one-fifth in temperate zones
below 10°C.

Laboratory or field: Laboratory conditions enable variables and functional attributes to be
isolated or controlled, and the impact of climatic variation to be removed. Permutations of
different factors are possible since the space and resource requirement may be relatively
small and good replication is possible. The interactions between functional attributes of soil
and biochar with the wider environment, such as fluctuations in rainfall and evaporation
impacting leaching, soil structure and microbial community composition can only be
assessed in the field. However, the rate at which processes proceed in the field is dictated
by the ambient climate and cannot be manipulated. Spatial heterogeneity demands intensive
sampling, whilst constraining design.

Soil or soil with plants: Plants provide a sink for soil nutrients, exert suction on soil pores,
and secrete compounds and enzymes that mobilise nutrients and modify soil surfaces. The
microbial activity that concentrates around plant roots may “prime” processes that would not
otherwise occur, for example, the co-mineralisation of recalcitrant biochar and labile glucose
(Hamer et al., 2004). However, the complex soil environment does not comprise such
discrete components and plant-derived substrates are separated by the soil mineral matrix.

Empirical (descriptive) or mechanistic (predictive): Empirical studies identify statistical
relationships between two or more test variables; mechanistic studies seek to understand
the reason for such relationships. Mechanistic approaches should offer greater prospect for
prediction of effects at other locations, being based on a fundamental understanding of the
underlying process. Although technically more robust, mechanistic understanding may take
time to acquire, and may still not be accurate, and both approaches require considerable
validation especially where multiple variables or processes are involved (Figure 4.1).

property
status

Mean particle size

Time
Figure 4.1: Schematic to illustrate the challenge of unravelling multiple functions of biochar whose
possible trajectories strongly differ
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4.4 Extrapolation from studies of environmental charcoal

Given the basic similarity in formation and the relatively abundant literature, it is necessary to
view biochar in the context of the existing understanding of charcoal, especially in terms of
long term stability. To date, however, studies that compare char produced under a range of
conditions, e.g. varying levels of oxygen exclusion, in terms of agronomy, mineralization or
other parameters relevant to biochar deployment, are lacking. Until these studies have been
completed the congruence in the properties of these materials remains uncertain.

Does charcoal in soil constitute soil organic matter? In the discrimination of more and
less recalcitrant forms of organic matter in soil generally, the ratio of oxygen to carbon
broadly decreases with age with progressive removal of oxygen through biological or
chemical ‘oxidation’. Charcoal has a characteristically low O:C ratio, while graphitic black
carbon (the most stable form derived in combustion) is essentially elemental carbon. By
comparison, charcoal and biochar are merely highly depleted in oxygen and hydrogen,
containing groups that are strictly organic (most particularly aromatic forms), and part of the
soil organic carbon pool.

Can charcoal be distinguished from other soil organic matter? Charcoal is particularly
abundant in aromatic carbon that occupies a distinct position in the nuclear magnetic
resonance spectrum for carbon (*C NMR), displays a minor depletion in the abundance of
the scarce carbon isotope (°C) relative to other compounds, and is characterised by certain
biomarkers (so far, benzene polycarboxylic acid and levoglucosan have been most
extensively evaluated). Charcoal is partially resistant to some chemical oxidants typically
used to quantify total soil carbon (potassium dichromate), and both chemical and photo-
oxidation have therefore been used to quantify it. However, none of these signals have
proven entirely exclusive and the procedures for measurement are complex or slow.
Because the functionally relevant level of stability is itself ill-defined or context-specific, the
analytical separation of charcoal and ‘ordinary’ soil organic matter has yet to be perfected.

What is the historic significance of charcoal in the global carbon cycle? Models
describing soil carbon in the agronomic or global change context consider a near-inert soil
carbon fraction to correctly simulate response to altered climate or organic matter inputs,
which being site-specific generally reflect, at least in part, contrasting abundance of charcoal
in regions where wildfire is more or less frequent. The rate, extent, and completeness of
conversion of biomass to charcoal in wildfire are highly variable. Nonetheless, making
assumptions about such factors based on available evidence leads to estimates for a mean
residence exceeding 1000 y (Lehmann et al., 2009). Charcoal is thought to account for 1—
20% of organic carbon in soils, and at least 150 GtC of the global soil pool comprises
charcoal or its more condensed or graphitic relatives, soot and elemental black carbon
(Kuhlbusch, 1998). This implies that up to 150 Mt of carbon has annually cycled through the
biosphere in the formation and degradation of charcoal-derived carbon.

Are the impacts of biochar carbon analogous to those of soil organic matter? Some
properties of biochar, and specifically its impacts on physical soil properties, are also
associated with bulk soil organic matter. It is not however, safe to assume that the
mechanisms by which these are provided are identical, or that the impacts are equivalent in
magnitude, direction or duration — and thus that biochar can provide a direct substitute for
higher levels of other organic matter in soil. This is of practical importance since biochar is
carbonaceous and thus not readily distinguished from organic matter using current
techniques. This is analogous to the challenge of discriminating chalk and limestone from
organic carbon in soil.

Can impacts be predicted from ex-situ properties? The ex-situ characteristics of organic
matter and biochar are unlikely to be additive with respect to a soil’'s properties. For
example, certain soil minerals (clays) have a high cation exchange capacity; although
organic matter has higher specific exchange capacity mass for mass, binding between
organic and mineral fractions shields exchange sites at the molecular-scale and reduces the
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sum effect. At the moment, it is not completely clear whether interactions between char and
mineral particles will occur significantly at this physical scale or primarily as discrete,
disparate particles. Cation exchange capacity of biochar also appears to evolve over time,
and it is likely that many other properties have a trajectory which is currently ill-defined.

4.5 Evidence to address key questions around PBS
Biochar and contaminants

In terms of human health and the food chain, the irreversibility of biochar addition is a key
consideration. Existing soil amendments contain immobile components, albeit in less visible
form and biochar inherits the potential risk posed by the feedstock that might otherwise be
directly applied (See Chapter 6). However, the class of these compounds known to be
formed in the charring process itself (polycyclic aromatic hydrocarbons, PAH) are process
dependent. Without extensive evaluation of pyrolysis char it is difficult to assess the risk
posed by PAH in PBS specifically, as most data available relates to charcoal.

Charcoal is generally produced at lower temperatures that might favour PAH formation, but
vapours may combust rather than condense and could thus be eliminated. Levels of
extractable PAH in charcoal are variable, but reported concentrations (Brown et al., 2006;
Bucheli et al., 2004; Fernandes and Brooks, 2003; Rumpel et al., 2007) generally fall
between those reported for urban and rural soil on mass basis (see Section 3.5). These
compounds are persistent but ultimately degradable in soil (Creaser et al., 2007).

The effect of association with chars on rate of degradation of PAH, and the balance between
rates of accumulation and release has not been systematically addressed. Concentrations of
PAH in soils subjected to natural fire suggest, however, that degradation is in excess of
sorption. The capacity of both activated and non-activated charcoal, typically as charcoal
from or mimicking natural fire to adsorb PAH and other organic contaminants, has been
relatively well assessed (Cornelissen et al., 2005; Zimmerman et al., 2004).

Since metals are broadly conserved in pyrolysis, the total metal content of biochar will be
determined largely by the feedstock content and the yield of char. The higher the carbon
content of the char, the lower will be the mass concentrations of metals. On a biochar mass
basis, the metal concentrations in products from gasification where char yield is small (a few
to ten percent) are likely to be up to ten-fold higher than in slow pyrolysis. Data on the
availability of metals from charcoal or biochar in soil is lacking. However, the potential for
pyrolytic char to remediate land contaminated by metal cations has been demonstrated
(Wingate et al., 2009).

Stability of biochar carbon

About 60% of the literature evaluated in this assessment (Appendix 1) related to the stability
of charcoal or to the quantification of char in soil (equally divided). Stability has been
addressed both in real time observation, where sensitivity can be enhanced through isotope
tracers (Bruun et al., 2008; Kuzyakov et al., 2009), or extrapolation from measurements of
soils from systems routinely experiencing natural fire (Kimetu et al., 2008; Lehmann et al.,
2008; Nguyen et al., 2008). In three cases the effects of biological activity enhanced by
substrate addition has been investigated (Hamer et al., 2004; Kuzyakov et al., 2009; Liang et
al.,, 2009). Only in one case has pyrolysis char been evaluated (Nguyen and Lehmann,
2009) and most often the feedstock has been wood-derived.

Inference from measurements on soils in systems subject to natural fire suggests millennial
stability, and in extrapolation from controlled incubations (elevated temperature and optimal
moisture) the general acceleration of mineralization (decomposition) that occurs in such
systems has been noted and accounted for (Cheng et al., 2008b).

Newly formed char appears to contain a small biologically labile fraction (see below), alkaline
pH (mean pH=8.5; ten studies), and nutrients available in ash from partial combustion
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embedded in the residual matrix. Only in one published study is this labile fraction
deliberately extracted prior to evaluation (Yanai et al.,, 2007). Allowing for these
characteristics that may lead to non-linear carbon loss, other deficiencies in laboratory
studies (simulation of natural char formation) and effects of induced changes in soil
chemistry, the assumption of centennial to millennial stability does not appear unreasonable
(Kuzyakov et al., 2009).

Experiments using newly formed charcoal have generally used particles <2mm diameter
(with no minimum particle size), but it has been noted that the physical fate of charcoal is
predominantly in fine fractions, broadly <50 um (Brodowski et al., 2006) and that its physical
diminution appears relatively rapid, presumably through physical weathering and abrasion.
There appears to be substantial evidence for intimate mineral—char interaction which, it has
been hypothesised, might guard against degradation; however, discrete char particles have
been found to persist within free organic fractions over a period of decades (Murage et al.,
2007).

The three studies available found no evidence for a role of tillage in the mineralisation of
wood-derived charcoal (Brodowski et al., 2007; Kuzyakov et al., 2009; Murage et al., 2007).
The single study that has explicitly examined the stability of pyrolytic char from wood and
cereal straw suggested a slow and predominantly abiotic degradation which has been
convincingly demonstrated for wood charcoal in a climosequence that confirmed the
sensitivity of absolute rates of degradation to temperature (Cheng et al., 2008a).

Oxidative measures of various types feature in key methods used to quantify char in soil, but
typically as part of a wider continuum of black carbon that extends (at the extreme) to soot,
and with the objective of retaining all charcoal, rather than identifying more and less stable
sub-components. However, the potential to develop artificial aging techniques to rapidly
compare and evaluate biochar stability (relative to charcoal) appears to have been rather
overlooked and could be useful in seeking greater certainty on this critical matter (Lehmann
et al., 2009).

Labile biochar fractions

Incubation of soil with manufactured or un-aged char typically results in higher CO, evolution
than from the same soil non-char amended. However, the degree of excess declines over
time in a strongly non-linear fashion in the short-term (Bruun et al., 2008; Nguyen and
Lehmann, 2009). This suggests a ‘priming’ of decomposition of carbon, either of that already
in the soil, or of carbon in the added char. Priming of existing soil carbon could be a
consequence of the modification of the soil chemical environment (see below), while loss of
carbon from biochar can result from the mineralisation of a labile char fraction. These
patterns also suggest that priming is complex and that extrapolation of short-term decay
rates will be unreliable; such rates are not consistent with the age of charcoal found in
archaeological soils such as the terra preta. The parameters that govern the balance
between labile and stable components are not yet fully understood.

Priming of soil carbon or biochar loss

The potential for biochar, in the form of synthetic charcoal, to cause or accelerate the
decomposition of pre-existing soil organic matter (priming) has been reported in medium-
term study of litter layers in the boreal zone (Wardle et al., 2008). The loss of litter carbon
was measured over a period of 10 y, but almost all the loss occurred prior to the first annual
sampling. The litter into which charcoal was introduced was likely to be acidic and nutrient
constrained, in which case the decomposition response is expected.

In Canada, and with the benefit of a carbon isotope trace, information on priming in tilled
arable soil was obtained on a 65y timeframe. This indicated that the MRT for particulate
organic matter in soil increased by a factor of 2.5 at sites where charcoal derived from
historic natural fire was present (Murage et al., 2007). Another study, also with a carbon
isotope trace, suggested slower and less complete utilisation (high stabilisation) of organic
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material added to soils from a tropical environment containing aged charcoal (Liang et al.,
2010).

A single laboratory study (Hamer et al., 2004) showed an approximate doubling of charcoal
degradation rates (charcoal priming) with the addition of glucose to soil, a compound often
used as a simple analogue for the labile carbon exuded into soil by living plant roots. The
initial rates of loss were still low — especially for higher temperature char created from wood
and for an experiment conducted under optimal conditions in sand matrix — 0.5% over 60 d,
which is a smaller proportion of charcoal carbon that might reside in a labile charcoal
component. Quantitative extrapolation of such laboratory studies to the priming that might be
likely to occur in the field, particularly give contrasting levels of microbial and plant root
activity is difficult.

It has been noted that if priming of soil organic matter is a permanent function of charcoal,
the amount of non-charcoal carbon present under equilibrium field conditions must be lower
than in charcoal-free soils (Woolf, 2009). Available data does not support this, and the
Amazonian terra preta are enriched in organic matter relative to the surrounding soils, as
well as containing large amounts of aged charcoal. Due to climatic influences, the
Amazonian soils are rather low in organic matter naturally. The likelihood of an analogous
accumulation in UK soils amended with biochar is not certain given higher background soil
carbon mineralization rates.

Biochar and soil nutrient dynamics

Reported increases in crop yield with charcoal addition have precipitated a number of plot-
scale field trials to evaluate impacts on soil fertility, mainly through crop grain or biomass
yield, usually with some measure of nutrient uptake. Reviewing 19 relevant articles in the
literature, none of the reported studies have been undertaken in temperate zones. As such,
caution should be adopted in directly transferring knowledge gained from tropical
environments to the UK context.

In the tropical environment the impacts have generally been positive, though most often in
combination with fertiliser nitrogen. Less than one-third of these studies have used char
application rates of less than 15 tC ha™', however, and only three used pyrolytic char.

Substituting chemical fertiliser for the nutrients added into the soil as biochar has not
resulted in the same increase of crop productivity as provided by biochar addition. In two
cases where the effect of pH modification was controlled for by liming, the effect of char was
greater (Steiner et al., 2003; Maia, 2009). This suggests that char might impact crop growth
through its impacts on soil physical properties and / or on mediation of nutrient exchange
between soil and plant.

In classic studies of terra preta fourth-season maize yields were much higher in plots
amended with char and fertiliser than the non-fertilised and non-char amended control
(Steiner et al., 2007). However, it is strictly incorrect to say that the effect of the treatments
was to increase yield since the yields for all treatments displayed post-clearance decline, the
control yields were ultimately very low.

Limited evidence under tropical soil conditions suggest that the addition of fresh charcoal
can reduce nitrogen leaching loss. Soils with higher and long-established charcoal content
had enhanced nutrient status but leached extra added nitrogen (Lehmann et al., 2003).
There is a relatively large amount of consistent evidence for the partial surface oxidation of
char by chemical and biological processes in soil, and proliferation of carboxyl groups
(Lehmann et al., 2005). It appears that this is reflected in the cation exchange capacity of
aged charcoal and charcoal-rich soils, but not shown in new char. Plot scale experiments
indicate that the uptake of other nutrients may be enhanced by charcoal, in particular
phosphorus as ash in charcoal may be more available than phosphate in the soil.
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Since biochar has a high carbon-to-nitrogen ratio, it is likely that rapid mineralisation of a
labile carbon fraction could — by immobilisation — contribute to a draw on soil mineral
nitrogen, in addition to an effect of ammonium sorption, and potentially reduce crop nitrogen
supply. Evidence for this effect is relatively abundant and consistent in the literature, but the
effect depends on the status of indigenous soil mineral nitrogen and these studies have
been undertaken exclusively in the tropics.

Immobilisation tends to enhance soil nitrogen supply to the crop in the longer term, since
microbial proliferation builds a reservoir of mineralisable nitrogen. In field studies of charcoal
or biochar extending beyond a single season this effect may be observed, where second- or
subsequent-season (but not first-season) are elevated relative to non-amended controls.

Biochar and emission of nitrous oxide and methane from soil

A single peer-reviewed study reports suppression of nitrous oxide emission from soil from
charcoal (Yanai et al., 2007); however, in the light of the importance of N,O emissions in UK
agriculture, and emerging evidence reported in recent studies, the effect warrants further
attention. A plot-scale experiment using char from the commercial pyrolysis of maize straw
biochar under temperate conditions has been initiated in the USA. Results from planted
fields in Columbia showing a large positive effect are unpublished (Rondon et al., 2005), as
are three studies showing conflicting outcomes in laboratory studies using soils from
Australia (Rogovska et al., 2008; Rogovska et al., 2009) and New Zealand (Clough et al.,
2008). Laboratory studies used high rates of application (Spokas et al., 2009; Yanai et al.,
2007), single soils (Condron et al., 2009), or single types of charcoal, with no results for
pyrolysis biochar.

Nitrous oxide is emitted mainly by specific groups of bacteria which under anaerobic
conditions reduce nitrate rather than oxygen (nitrate to N,O via nitrite and nitric oxide).
Emission of N,O at low rates may also occur under aerobic conditions, from the activity of
chemotrophic bacteria converting mineralised organic nitrogen (ammonium) to nitrate.
Higher soil organic matter increases nitrification, but the application of nitrogen fertiliser has
a greater immediate impact on soil nitrate concentrations and hence N,O emission.

Proposed mechanisms for biochar suppression of N.O revolve around modification of soil
water dynamics, e.g. drawing soil solution and dissolved nitrate into inaccessible pores
(small pores saturating first) and maintaining aerobicity in inhabited pore space; increase of
soil pH which under anaerobic conditions favours completion of nitrate reduction to N, from
N2O; or the adsorption of ammonium and its protection from nitrification and denitrification
(Clough et al., 2008; Condron et al., 2009; Yanai et al., 2007).

The effect of water addition cannot be completely evaluated under constant conditions, but
Yanai et al. (2007) found suppression was reversed when water-filled pore space was
increased from partial to near-complete saturation. In the same study (Yanai et al., 2007) the
addition of combustion ash to the soil, separately from charcoal, did not suppress emission.
Simultaneous monitoring of N, is required to confirm N,O reduction. In conference
proceedings, Nitrate has also been reported to accumulate where N,O is suppressed (Van
Zwieten et al., 2009).

Mobility of char

Biochar and charcoal fines have a low bulk density of approximately 300 kg m™ against a
typical soil bulk density of 1300 kg m™. Particles may be very fine in size and in addition
surfaces may be hydrophobic (DeLuca and Aplet, 2008). Collectively these characteristics
indicate a higher potential for lateral transfer in water than for other soil components
(Rumpel et al., 2006) and applied at a high rate in tropical environments subjected to
frequent intense rainfall, erosion of charcoal off-site has been measured in proportions up to
25% in two years (Major et al., 2010), and most of the 66% loss calculated by Nguyen et al.
(2008) in 30 y after surface deposition was attributed to erosion.
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Negligible longer term losses (Nguyen et al., 2008) and low rates of movement apparent for
natural charcoal in a temperate environment (Murage et al., 2007) suggests a rapid decline
in hydrophobicity, physical breakdown, and development of association with mineral
particles (Brodowski et al., 2005a; Glaser et al., 2000; Spycher et al., 1983). The ‘anchoring’
of particles within the soil matrix at depth may be critical in limiting erosion. The apparent
combustion of fire-derived char in dry regions where material remains at the surface
between fires (Czimczik et al., 2005; Ohlson et al., 2009) emphasises the role of
incorporation into deeper soil in ensuring longevity in the natural environment, and that in
more biologically active soils this must therefore occur. However, measured rates of
transport into subsoil appear to be slow (Major et al., 2010).

Meanwhile, studies of the global cycle of the ‘black carbon’ have established the existence of
significant flux from land to ocean at a macro-scale (Crutzen and Andreae, 1990; Masiello
and Druffel, 1998; Seiler and Crutzen, 1980). Little literature has addressed the process of
transport of char through the environment, although it has been noted that PAH is high in
organic matter dissolved in alkali extracts after natural fire (Kaal et al., 2008b).

Char, soil water dynamics and irrigation

In large quantities wood-derived charcoal modifies soil physical properties. It has a low
inherent bulk density of 0.3-0.5 t m™, which is one-third to one-fifth that of typical UK arable
soil. Depending on particle size distribution of the char relative to that of the soil and the
extent to which added char may locate within existing pores, higher experimental rates of
application could directly reduce soil bulk density and increase soil volume. This affects
water holding capacity and water filled pore space, but declining hydrophobicity and the
effects of weathering on particle size will determine the duration of this effect. In the
experimental context, water holding capacity is measurably increased by adding fresh
charcoal and must be considered in the design of laboratory soil incubations (Liang et al.,
2009). Studies of amended soils can be adjusted for either equal gravimetric water content,
or to equal tension (depending on the hypothesis). Water storage could be of critical value,
yet the factors that determine the efficacy of char in this context have not been clarified.

Published evidence (Bird et al., 2008) for the effect of biochar on pore size distribution,
however, is remarkably scarce. Some assessments have been made, and the problem
appears to be in the level of replication required to demonstrate significant affects using
methods best used in comparison of different soils. One study (Gaskin et al., 2007) has
reported water holding capacity of soils amended at low, medium and high rates with
pyrolytic char; one study has focused solely on pore size characteristics of charcoal and
pyrolytic char (Bird et al., 2008); and one has measured the impact of charcoal residues on
water holding capacity at old kiln sites (Oguntunde et al., 2008).

Summary

The evidence for the function of biochar in soil is based largely on evidence from studies of
charcoal, and predominantly in the tropical environment. Triangulation of existing knowledge
with systematic studies of biochar produced using relevant technology and feedtstocks
relevant to viable UK systems is needed, and techniques to rapidly assess long term
stability.
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5 APPLICATION TO SOIL

Jason Cook and Saran Sohi

The collection and incorporation of biochar into agricultural soils is a logistical and
technological challenge that has not been explored in great detail, and is in need of
innovation. Key stages in this “application” of biochar are: (i) preparation for application in
terms of particle size, density and water content, etc., (ii) transportation from storage to the
soil surface, and (iii) its physical incorporation into the top and deeper soil.

The existing literature concerning techniques for the addition of biochar into different
systems is scarce to date. Very little experimental or developmental field work has been
done, particularly in relation to the use of biochar in commercial farming operations. This
section of the report outlines a range of practical techniques for applying biochar and the
factors to be considered depending on the agricultural system concerned.

5.1 Relevant factors

The following factors influence the appropriate methods and techniques for the application of
biochar to soil:

a) The physical properties of the biochar, namely its specific gravity, bulk (effective) density,
particle size (as a mechanical consideration and in terms of a health issue, i.e. the dust
fraction)

b) The physical constraints of the cropping system to which biochar is applied, e.g. field
scale row crops versus raised bed horticulture or soft fruits, tillage regime and phases in a
mixed rotation.

In reality, the mechanical equipment available to the farmer and its cost-structure will also
impact on the techniques that can be employed by a particular enterprise. By integrating
application into the normal agricultural timetable, e.g. immediately before a ploughing,
harrowing, disking or drilling operation in arable systems, the incorporation incurs fewer
additional costs.

5.2 Methods of application

Particle size is a key consideration in determining the equipment suitable for application of
biochar to soil, and to control the potential for exposure to dust. Biochar from fast pyrolysis is
inherently dusty (particle size 100 um), and some applications would require agglomeration.
Conversely, experience with charcoal fines suggests that coarse products from slow
pyrolysis of resistant materials (woody biomass such as arboricultural arisings) could present
a significant challenge in terms of preparing particles of a consistent size, probably best
dealt with at site of production.

The requirement for consistency of biochar particle size is currently unclear, though it is
likely that commercial PBS would necessitate greater uniformity. One possibility already
explored is pelleting, and brittle pellets appear to break-up fairly readily in soil. Although this
would add to the costs of biochar production, technologies for preparing materials to a
consistent size, using grinders and rollers, etc, are well-established. Handling of biochar
during transportation and application needs to be properly managed, and application and
period immediately after is viewed as bearing the greatest risk for run-off and wind erosion.
A key consideration is avoidance of nuisance and human exposure to risk from dust, etc.

Experimentation with charcoal and biochar at the plot scale has relied on mainly
quantitatively precise application methods (e.g. hand-spreading) that do not inform
appropriate practice at field-scale. Depending on the volumes handled, the nature and
precision of pre-treatment (such as grinding or adjustment of moisture content) may not be
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practical at the farm scale. Since most work to date using charcoal fines, there is also limited
experience with handling pyrolysis char.

Conventional application of fertiliser involves broadcasting, pneumatic and liquid systems.
Injection technologies developed for slurry allow insertion of slurry at depths of 5-10cm, and
similar approaches could be used for biochar. By these methods and using existing
machinery, biochar addition could be best facilitated using the following techniques: uniform
topsoil mixing, incorporation with other mediums (manure, composts, liquid manures and
slurries), deep banded in rows, topdressing, specific site application and potentially addition
to animal feed (Van Zwieten et al., 2009).

The challenge of spreading fine texture biochar from fast pyrolysis using conventional
equipment has been documented in a practical demonstration to arable land in Canada
using an agricultural spreader designed to apply lime to a swath of approximately 10 m
width. Dust emissions during the application were a potential nuisance with 25% char lost
from the target application area even in calm weather conditions (BlueLeaf, 2009).

Field-scale work using a 1.2 t fertilizer spreader to apply coarse charcoal fines to arable land
in Scotland did not pose such issues, indicating that disking or harrowing can satisfactorily
incorporate biochar in tilled systems with minimal potential for surface erosion by wind and
water, at least on level land (Figure 5.1).% The fines used in this demonstration had been
pre-treated by the addition of water to overcome this, albeit at the expense of increased
haulage mass. The effect of such treatments must be taken into account in the refinement of
estimated transport and spreading costs, and associated life-cycle carbon emissions.

Figure 5.1: Spreading charcoal fines using a fertiliser spreader

It is not documented in published or grey literature whether biochar has been applied to
grassland, though footage of successful straightforward application of biochar (from poultry
litter) to grassland using a muck spreader has been publicised*. Whilst the combination of
biochar and management of slurries in livestock systems has been discussed in the
research context, liquid application of biochar does not appear to have been tested. In this
scenario, addition of porous biochar to predominantly aqueous slurry might be applied at low
marginal costs, with some possible handling and odour related benefits over slurry alone.

In the case of the incorporation of biochar into grassland soils, grass sward should be
effective in trapping airborne particles if they arise. Non-permanent grasslands which are
reseeded (typically every 4-5y) would allow for biochar integration with planned
management activities. Biochar could be applied to the surface of permanent grasslands as
is the case for other applications, for example, of fertilisers. Incorporation into soil is
expected to be slow compared to mechanically incorporated char, and cattle would need to
be prevented from grazing for perhaps the same period as post-application of other slurry.

% Cook J, University of Edinburgh
4 Publicity material on the website of the International Biochar Initiative
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In intensive horticultural systems, where the crop is grown in bags, pre-mixing of biochar and
soil is conceivable. Where crops are grown in rows such as many root vegetables, there is
clear potential for deep banded application of biochar as seed potatoes, for example, are
planted. Mechanical application of biochar in forest or woodland would be practically limited
to the window between clear felling and planting. The potential to combine the application of
biochar with establishment of energy grasses or coppice crops has been recognised, and its
use in these systems is the subject of ongoing UK research (McNamara, 2009).

5.3 Technical constraints

Larger lime spreaders have a capacity of about 30 m®, which equates to approximately 12 t
biochar. This suggests that up to 2.5 loads ha™' for a 30tha™ rate of application. Many
enterprises would bear the cost of such application as a contracted operation, as for routine
liming which is a similarly occasional practice. It is indeed possible, that to some extent,
biochar application may substitute for liming, offsetting part of an existing cost.

Based on existing experimentation with charcoal fines, the incorporation of biochar into
cultivated soils should be relatively straightforward, with simple disking removing significant
potential for wind erosion or surface run-off. However, incorporation of biochar quite soon
after application is likely to be necessary to minimise potential problems.

5.4 Economic Constraints

Several regimes for biochar deployment can be envisaged: e.g. an initial application at a
high rate, followed by regular (not necessarily annual) applications in order to maintain
shorter-term effects (e.g. up to 30tha” initially, 5tha’ thereafter, e.g. every5y). An
alternative would be annual low-rate applications that resulted in a gradual building of
biochar soil concentrations until appreciable benefits are attained (e.g. 1-10 t ha yr™).

The return on the former strategy might be more rapid, but over a smaller area with a greater
financial outlay, and potentially greater logistical challenges; intensive trafficking on the soil
also presents risks for soil structure. The latter may provide slower accrual of soil benefits,
but the up-front costs are less, and existing farm machinery could be used for deployment of
biochar, possibly on a more ad hoc basis.

In reality, the availability and price of biochar, and the hours committed to its application, will
determine the amount of material applied in a year, and this may be spread thickly or thinly.
There may be logistical advantages of one over the other in terms of distance travelled, and
the desire to evaluate crop response on treated areas will likely favour thick application. The
logic of targeting ‘problem’ areas will favour a high rate of application, although the risks of
multiple machinery passes during application may mitigate this through compaction.

Several different models for production and distribution of biochar can also be envisaged.
Small-scale systems based on one or a few farms would source biomass, and distribute
biochar, locally, utilising existing machinery. A larger-scale PBS would likely envisage sub-
contractors who would apply the biochar onto a farmer’s fields and incorporate into the soil,
and also arrange for collection of the residues for charring. Economies of scale of logistics,
transportation and storage capabilities would be the key driver for large-scale PBS.

5.5 Outlook

The collection, storage and incorporation of biochar into agricultural soils present logistical
and technological challenges. Most of the methods discussed are well understood as they
have been integral parts of agricultural practice for some time. The development of
machinery for large-scale contractor-delivered application could require technical innovation,
and might emerge over time, and in the interim there might be scope for relatively simple
modification or retro-fitting of existing machinery.
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6 REGULATION®
Simon Shackley and Colin Cunningham

There are a number of areas of regulation that are potentially relevant for a pyrolysis-biochar
system (PBS). In terms of regulating biochar as a product, the control of soil amendments
varies greatly depending upon whether the amendment is regarded as a waste or not; and, if
so, whether it is exempted from Environmental Permitting. It is important, therefore, to
establish whether the biochar is a waste or not and whether it could be used under a Waste
Management Licence exemption.

Regulation of the production of biochar depends on the scale of the plant, technology used
and the feedstock being processed. If the material that is being pyrolysed is considered to be
a waste, the provisions of the Waste Incineration Directive (WID) may then apply to the
process. If certain categories of food waste were used as a feedstock, animal by-products
regulations would also apply. Farmers will be concerned about meeting the requirements of
farm assurance schemes or standards, and also with potential concerns from supermarkets;
effective regulatory systems will allow such concerns to be managed.

The regulatory regime in the UK is complex, and most of this chapter relates to regulation in
England and Wales only, with a brief mention of Scottish regulation towards the end.
Regulation of biochar is a highly specialist, cross-cutting topic. Biochar developers, and
researchers wishing to undertake field trials, are strongly advised to contact the relevant
regulatory organisation for detailed advice (Environment Agency in England and Wales,
Scottish Environmental Protection Agency in Scotland, and the Northern Ireland
Environment Agency in Northern Ireland). The complexity and ambiguity of the legal
framework in the EU as it applies to biochar has recently been analysed by Van den bergh
(2009) providing a more specialist treatment of some of the issues addressed in this
Chapter.

6.1 Is biochar a waste?

Depending on what is done with the biomass, and whether it is discarded or required to be
discarded, will determine if it is a waste or not. More specifically, the identity of the biochar
as a waste will depend upon: a) the identity of the material from which the biochar is
produced; and b) the thermochemical process by which the biochar is produced. A starting
point is that any material that is generated through the thermochemical conversion of a
waste material is itself likely to be a waste. If the input material is not a waste, whether or not
the biochar is a waste depends upon whether the biochar is intentionally discarded or not.
Article 1(1)(a) of Directive 2006/12/EC on Waste defines waste as: ‘any substance or object
in the categories set out in Annex 1 which the holder discards or intends or is required to
discard’. The Environment Agency has further clarified that: “anything which is discarded or
otherwise dealt with as if it were waste, shall be presumed to be waste unless the contrary is
proved” (Van den bergh, 2009).

The distinction between biochar as a product or as a production residue is critical in deciding
whether biochar is classified as a waste. Biochar is a product if it is the result of a technical
choice of the manufacturer to deliberately produce it. Van den bergh (2009) comments that:
“Although there are reasonable arguments that biochar may develop as a product in the
future, it appears at the moment that biochar constitutes a production residue since the
primary aim of the pyrolysis process is often to generate bio-energy rather than to produce a
specific type of biochar.” A material that is subject to a recovery operation does not
necessarily constitute waste. In at least one case, the determination of waste depended

5 Jonathan Atkinson and Matthew Davies of the Environment Agency, and Peter Olsen of SEPA, are thanked for
their help in writing this chapter.
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upon whether the holder intended to discard the material; hence, the definition of waste may
depend upon the intention of the holder (Nash, 2009). In practice, it has been very difficult to
demonstrate that a discarded material is not a waste, as discussed in more detail below.

6.2 Virgin- and non-virgin biomass resources

In this report virgin biomass is defined as that derived from whole plants and trees or from
the processing of virgin biomass (where that does not involve chemical or biological
transformation, amendment or treatment). Biochar produced from non-virgin biomass
resources, €.g. construction and demolition waste (CDW), municipal solid waste (MSW),
refuse-derived fuels (RDF), slurries, bedding matter, manures, sewage and paper sludge
would be regarded as wastes. Biochar produced from virgin biomass resources (e.g. wood
chips, straw, coconut shells, peanut shells and rice husks) would only be regarded as a
waste if they were intentionally discarded. If the biochar is being produced to supply a
market, and is not being discarded, it is not a waste by this definition. This might conceivably
apply to the intentional production of biochar for agricultural application from virgin biomass
resources utilising dedicated pyrolysis plants; however, only when a regulator is faced with a
specific proposal could such a matter be decided.

Article 5 of the revised EU Waste Framework Directive (WFD) (Directive 2008/98/EC)
allows for a material to be defined as a non-waste by-product where: (i) use of the substance
or object is certain; (ii) the substance or object can be used directly without any further
processing other than normal industrial practice; (iii) the substance or object is produced as
an integral part of a production process; and (iv) further use is lawful.

Van den bergh (2009) notes that the four criteria under Article 5 are accumulative and
interpreted narrowly. With regards to the first point (certainty of use), Van den bergh (2009)
writes: “If the storage of biochar exceeds the normal storage that a specific type of soil can
store, the storage of biochar is likely to be a dumping operation which makes the superfluous
biochar waste. It should also be noted that the characteristics of the soil should meet the
characteristics of the biochar and that if these do not meet or vary significantly, the storage
of biochar is likely to be an act of discarding”. It is unclear how ‘normal storage’ would be
defined here, in terms of what is stored (soil organic matter, soil carbon, etc.), how it may be
defined against a historic baseline, and how the characteristics of biochar and soils would be
matched (which characteristics, and how to measure these).

Regarding the second point (direct use without further processing other than normal
industrial), the European courts have ruled in one case that: “if an additional recovery
process is required before further use, even if such subsequent use is certain, this is
evidence that the material is a waste until the process has been completed” (ibid.). In similar
vein, UK Circular 11/94 states that the requirement for a specialised recovery operation is a
reasonable indication that a substance has been discarded as a waste”. Consequently it
appears as if “a recovery process is not a normal industrial practice. ... the biochar cycle
entails different stages of recovery .. and ... the pyrolysis process is likely to constitute a
‘recovery operation’. Biochar can consequently not be a non-waste by-product in the EU”
(Van den bergh, 2009).

Turning to the third criterion, production as an integral part of a production process: “It
appears that there are reasonable indications that biochar will not be an integral part of the
biomass energy production in the pyrolysis process since biochar leaves the pyrolysis plant
in order to undergo a further processing, i.e. underground storage, and at least somebody —
the producer — has discarded it” (Van den bergh, 2009). In summary, it looks unlikely that
biochar could be defined as a non-waste by-product under existing EU law.

Article 6 of the WFD provides criteria for establishing when a material considered to be a
waste ceases to be a waste. Such a material must have gone through a recovery process
and the reclassified material must comply with four conditions: (i) the substance or object is
commonly used for specific purposes; (ii) a market or demand exists for such a substance or
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object; (iii) the substance or object fulfils the technical requirements for the specific purposes
and meets the existing legislation and standards applicable to products; and (iv) the use of
the substance or object will not lead to overall adverse environmental or human health
impacts. Biochar would not easily qualify at present under Article 6 since it is not currently
commonly used and there is no existing market and there is insufficient knowledge of the
technical requirements for specific purposes. Complete recovery is required for a waste to
become a non-waste substance. Under one interpretation, material can only cease to be
waste if it is: “chemically and physically identical to the original material” (Van den bergh,
2009). This is not feasible in the case of biochar, however, because of the thermochemical
conversion the feedstock undergoes during pyrolysis. More analysis of the interpretation of
Article 6 of the WFD with respect to biochar can be found in Van den bergh (2009). The
precise interpretation of the definitions of wastes, non-wastes and by-products has yet to
clearly emerge, especially in the context of biochar. Past experience suggests, however, that
making an end of waste case is difficult (Olsen, 2009).

6.3 Regulation of pyrolysis as an industrial process

There are three types of permits for biochar production facilities under the Pollution
Prevention Control (PPC) regulations (S12000/1973, as amended by SI12001/503)

(1) Over 50 MW electricity generation scale: authorisation directly by the Secretary of State
(or equivalent in Scotland);

(2) Between 3 MW and 50 MW electricity, subject to Part A1 permit, authorised by the
Environment Agency (England & Wales), SEPA (Scotland), NIEA (Northern Ireland);

(8) Under 3 MW electricity capacity, subject to Part A2 or a Part B permit, administered by
the Local Authority.® Activities involving pyrolysis and carbonisation are covered by the
description given in Section 1.2 A(1)(j) of Schedule 1 of the PPC Regulations’.

Thermochemical processing of a waste may also be regulated under the terms of the Waste
Incineration Directive (WID) (Directive 2000/76/EC). The WID imposes much tighter controls
on emission limits of a range of pollutants than if the facility is regarded as a power plant.
Some wastes are exempt from full WID requirements, however. This includes vegetable
wastes from agriculture and forestry and other categories of bio-waste.® Hence, pyrolysis of
virgin biomass resources may not fall under the provisions of the WID; whilst pyrolysis of
non-virgin biomass resources probably would fall under its provisions.

The WID is applicable to any facility which thermally processes non-exempt wastes, whether
it be via gasification or pyrolysis. Operators can, however, be exempt from the WID, even for
wastes, provided that: “the purpose is the manufacture of products with no resulting release
of combustion gases. Therefore, if gasification or pyrolysis plant produces a number of
products, one or more of which are subsequently burnt, then the WID applies to the whole
plant. In cases where the products are burnt away from the gasification or pyrolysis plant

® A plant with a capacity of one tonne or more per hour will be regulated under Part A2. A plant with a
capacity between 50 kg and 1t h™' is regulated under Part B. Incineration of all hazardous wastes are
regulated under Part A.

7 Paragraph (j) specifically excludes activities making charcoal with the phrase "otherwise than with a
view to making charcoal". In a similar manner, the activity description given in Section 5.5 A(1)(a) of
Schedule 1 of the PPC Regulations also specifically excludes activities making charcoal with the
phrase "other than charcoal’.

8 Namely, vegetable wastes from food processing (if the heat is recovered), fibrous vegetable waste
from pulp making (provided this occurs on site of waste generation and heat is recovered), and wood
waste (with exception of that which has been treated with halogenated organic compounds, heavy
metals or other preservatives or coatings). (SI 3538, Environment Agency Position Statement 005,
2008).
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(remote units), the WID will apply both to the plants initially producing, as well as
subsequently using, these products” (Defra, 2009c). To clarify: “Pyrolysis and gasification
plants that dispose of all their products and residues without incineration (for example by
landfill or use as raw materials in other processes) would not be covered by the WID” (Defra,
2009c).

In reality, it is unlikely that there would no combustion of the bio-liquids or syngas from a
pyrolysis or gasification plant, since this is likely necessary for obtaining a sensible energy
balance and economic case for such a plant. Therefore, it is unlikely in reality that pyrolysis
or gasification of wastes would be exempt from the WID.

The WID imposes inter alia a limit of 3% organic carbon in ash or a limit of 5% Loss on
Ignition for the ash. The original purpose of this requirement (along with a limit on Carbon
Monoxide emissions) was as a measure of the 'completeness of combustion'. Whilst such a
measure is reasonable for a combustion plant, its application to substoichiometric processes
such as gasification and pyrolysis is arguably inappropriate and presents a significant
technical challenge. This is a particular issue if the intention is to produce biochar which, by
definition, has a high carbon content.

Where syngas and bio-oils are produced from a WID-regulated process, the co-combustion
of these by-products in a separate power plant would also be a WID-regulated process. The
control of NO,, CO and volatile organic compounds (VOCs) from gas engines and gas
turbines can be difficult, and the removal of CO emissions from flue gas requires expensive
catalytic converters or thermal oxidisers (Anon, 2004). Similar considerations of air quality
issues apply to biochar production as to any process capable of producing particulate matter
including PMj,s.

Small-scale pyrolysis of biochar, e.g. on a farm, might be regulated through a Part B
permit for emissions to air.” There are provisions for exempting waste combustion from
requiring a waste disposal permit, though this depends on the scale and types of waste
being combusted (paragraphs 3 and 5, Schedule 3, S1.3538). There is the possibility of
excluding experimental plants from the requirements of the WID where they are being used
for R&D to improve upon the incineration process. However, this only applies where less
than 50 t y"' waste are treated.

6.4 Regulation of biochar application to soil

If the biochar is deemed to be a waste, then biochar cannot be applied to soils under the
terms of the Environmental Protection Act 1990, unless a permit has been granted. The
detailed regulations are set out in The Environmental Permitting (England and Wales)
Regulations 2007 (SI 3538). If biochar is not a waste, then it can be applied to soils without a
permit, though the Environment Agency still has regulatory powers under its pollution
prevention role to step-in and stop a polluting activity. In the case of biochar, since there is
no specific legislation directed at protection of soils, an alternative legislative mandate would
be employed for the purpose (e.g. the Water Resources Act 1991 where there is an adverse
risk identified to surface or ground water). In the case of wastes, the relevant objectives of
the Waste Framework Directive to avoid risks to the air, water, soils, animals and plants,
must not be breached. This provides the regulator with a wide-ranging power to prevent a
polluting activity that arises from an inappropriate waste application.

Nitrogen and Nitrate Vulnerable Zones

Given the anticipated biological recalcitrance of biochar and the predominance of the carbon
over nutrient elements, the trajectory of nutrient release from biochar is likely to be different

® If the activity consists of manufacturing charcoal from wood it may not require a permit under Part A or Part B,
though an operator should contact the Local Authority about this matter. In this report, biochar has been defined
so as to exclude charcoal and charcoal fines.
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compared to that from fertiliser, ash, manure, or crop residues. However, since Nitrate
Vulnerable Zone (NVZ) regulations are based on total content (addition of nitrogen
exceeding 250 kg is not permitted) application of biochar at 10 t ha™ (and much less when
produced from manures) would breach NVZ limits if the ratio of carbon to nitrogen in biochar
was 40:1 or lower, and at more realistic higher ratios (e.g. 80 or 200:1) it would still seriously
limit the application of other nutrient sources. As noted in Chapter 4, charcoal can immobilise
nitrogen at least in the short-term, which would pose further constraint through the additional
crop demand for nitrogen. Hence, the amount of biochar that could be added (without or
without a permit) could be limited in NVZs and the regulations may need to be looked at
again with respect to available and non-available nitrogen in biochar.

Biochar is not an Exempted Substance under Environmental Permitting Regulations

It is not necessary to obtain a permit for an exempt waste operation, but the activity still
needs to be registered with the Environment Agency. There are two general areas of
exemption. One concerns waste for the benefit of land, including addition to agricultural land
(paragraph 7, Part 1 of Schedule 3); the other to land reclamation or improvement
(paragraph 9, Part 1 of Schedule 3). The detailed tables under both paragraphs 7 and 9 in
S1.3538 of exempted kinds and sources of waste do not include biochar. In addition, biochar
is not an exempted substance under the Environment Agency Regulatory Position
Statement (MWRP, 2008). Therefore, it would be necessary for an applicant to obtain a
permit to apply biochar to agricultural soils or for land reclamation or improvement. If biochar
were an exempted waste, it would still be necessary to demonstrate that it has benefits to
agriculture or results in ecological improvement. Providing evidence for the agricultural or
ecological improvement benefits of biochar is important in establishing a case for its
streamlined regulation; there is insufficient research in the UK context to demonstrate this
case at the current time.

6.5 Biochar application and movement from site of application

A permit or exemption applies to application at a defined spatial location, and thus
movement of biochar beyond site boundaries could infringe permit or exemption conditions.
Transport of biochar into surface water courses could represent pollution of controlled water
and measures such as the method and timing of application will need consideration.
Similarly, migration of wind-blown biochar would need to be minimised. As noted above, the
Environment Agency has a general pollution prevention duty and power to protect the
environment and to act upon cases of detriment to amenity (e.g. under the EPA 1990 and
WED). It could use this power to respond to unforeseen and potentially adverse
environmental impacts of biochar (such as excessive dust, or water pollution). Control of the
timing and conditions of biochar application will be important in the prevention of pollution.
Well-developed protocols exist with respect to applying slurries and sludges to different
types of land (e.g. with respect to grazing and cropping of arable and grassland). The Safe
Sludge Matrix (ADAS, 2001) is a good model for regulators in developing protocols and best
practice for applying biochar.

6.6 Health and safety issues

Pyrolysis or other biochar production methods should not raise any unique health and safety
issues and the Health and Safety Executive (HSE) does not anticipate that expanded use of
such technologies requires much change to regulatory practices (HSE, 2006). However,
there are several potential issues that need to be evaluated. For example, some types of
biochar may be at risk of accidental ignition and therefore care needs to be taken in how
they are stored and transported (Major, 2009). Under certain conditions, and if the feedstock
has a high silica content, pyrolysis might result in the formation of crystalline particles.
Inhalation of crystalline silica is associated with silicosis and relevant precautions would be
required to minimise exposure. Consideration of human health impacts from inhalation of
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small particulates would also be required during handling, transport and application (Collison
et al., 2009).

6.7 Possible contaminants in biochar

Polycyclic aromatic hydrocarbons (PAH) are by-products of fuel-burning and occur in oils,
tars and coal. They are of concern because some compounds have been shown to be
carcinogenic, mutagenic and/or teratogenic (Lerda, 2009). A range of charcoal and biochar
samples have been investigated with respect to the USEPA'’s list of 16 PAH; benzopyrene is
of particular concern. From current evidence, it appears that biochar produced from virgin
biomass resources contain lower concentrations of these PAH than typical urban soils in the
UK. Higher levels of PAH have been measured in biochar produced from MSW, suggesting
that processed and amended materials such as wastes may be problematic sources of
biochar (Jones, 2009). There is currently no clear consensus on which technique(s) to use in
assessing the PAH concentration of biochar.

Some biomass feedstocks contain high levels of metals and (some of) these are likely to
remain in the biochar. If pyrolysis of biosolids increased the availability of heavy metals such
as cadmium, copper and zinc (Chan and Xu, 2009) this would be of concern and limit
application of such biochar material. A number of charcoal and biochar samples from virgin
biomass resources have been tested for metal concentrations at UKBRC, including from
sycamore, rice husks and rubber tree. The detectable metal concentrations were determined
to be lower than the acceptable limits as set out for composts in PAS100 and in The Sludge
(Use in Agriculture) Regulations (1989), S.l. 1263. However, even compost meeting the
PAS100 standard must comply with application and testing requirements as there is the
potential for accumulation of potentially toxic elements in soil. In the case of a biochar
sample produced from a non-virgin woody feedstock, content for some metals (including
zinc, chromium, copper and mercury) were found slightly above PAS100 permissible levels,
though PAH levels were similar to those found in charcoal from virgin woody feedstock, and
lower than levels in carbonised rice husks.

A number of existing regulatory frameworks, protocols and codes of good practice provide
useful ways forward with respect to biochar. The Code of Practice for the Agricultural Use of
Sewage Sludge (1989) considers metal concentrations in both the waste and the receiving
soils and only application to a ‘ceiling’ level (in kg hay™, or over a longer time-horizon) is
countenanced. The Quality Protocol for the Production and Use of Quality Compost from
Source-Segregated Biodegradable Waste (WRAP & Environment Agency) evaluates not
only metal contaminants in the compost and in the receiving soil but also physical materials.
The MBT compost-like outputs (CLOs) code-of-practice currently under development by the
Environment Agency is considering a range of physical, chemical and biological properties,
including total nutrients, readily available N, organic C, organic matter, C:N ratio, stability,
potentially toxic metals and metalloids, organic pollutants (polychlorinated biphenyls, dioxins
and furans, PAH), and microbiological properties. This analytical suite could provide a useful
and precautionary set of methods and indicators for consideration of biochar.

The Environment Agency is also developing a more systematic approach to risk assessment
through the development of Soil Screening Values (SSVs), defined as: “concentrations of
chemical substances found in soils below which there are not expected to be any adverse
effects on wildlife such as birds, mammals, plants and soil invertebrates, or on the microbial
function of soils” (Merrington et al., 2008). SSVs are at an early stage of development and
elements for which values are available include cadmium, chromium, zinc, copper, lead and
nickel. The limits are generally more demanding than for the above-mentioned Codes of
Practice and PAS 100. A value is also provided for benzo(a)pyrene, toluene and few other
organic substances. If the concentration of a chemical is found to be above the SSV, a
further investigation should be undertaken to examine whether there are any ecological
risks. SSVs have been developed as Tier 1 of a graded risk assessment for potentially
contaminated soils; consequently, their relevance to regulation of biochar in agricultural soils
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is currently unclear and they could be regarded as overly onerous. Furthermore, the SSVs
would not take account of the impact of biochar on the bioavailability of metals, unless that
impact was the same as the effect of increased SOM in increasing the effective CEC of soils
(McGrath, 2010).

6.8 Food safety and assurance schemes

A potential barrier to biochar use in the agricultural sector relates to issues of traceability and
food safety. There are no anticipated adverse impacts to food crops from biochar use and
utilisation of agricultural wastes would contribute to low-carbon food chains. Quality
assurance schemes such as Scottish Quality Cereals and the Assured Produce Scheme
(APS) would likely produce best practice guidance on biochar production and use for
producers taking into account different feedstocks and application rates. Consideration will
also need to be given to potential issues related to subsidy e.g. through the Single Payment
Scheme (SPS).

6.9 Implications of existing regulation for biochar deployment

From a regulatory perspective, biochar is more likely to be developed and used if the
following issues are borne in mind.

Use virgin biomass resources and technologies which avoid the requirements of the
Waste Incineration Directive

Meeting the requirements of the WID would render the technology prohibitively expensive.
An Environment Agency position statement states that where used as a fuel “...wood not
contaminated with halogenated organic compounds or heavy metals (resulting from
treatment with wood preservatives or coating) are excluded from the WID requirements”
(Environment Agency, 2008a).

Use materials and technologies which avoid classifying biochar as a waste

Avoiding the ‘waste’ tag would help deployment of biochar within agriculture since it would
not then require an Environmental Permit or exemption. There are provisions under the
Waste Framework Directive for re-classifying waste as a non-waste or for defining a by-
product. In reality, there are numerous regulatory and legal issues and challenges which
need to be addressed in making such a case for biochar.

Where biochar is classified as a waste, develop a Standard Rule

At the present time it is likely that much biochar production would be classified as a waste.
This does not imply that biochar could not be utilised, but rather that it would need to be
regulated through obtaining an Environmental Permit. The uncertainty associated with this
regulatory process, and the potentially high cost, could be off-putting to a developer. One
way forward is through the creation of a Standard Rule, which is provided for under
Chapter 4 of the Environmental Permitting (England and Wales) Regulations 2007. Standard
Rules allow a standard permit to be provided, which simplifies and streamlines the regulatory
process for waste materials to be approved for application. The Environment Agency is
currently consulting on the replacement of some existing exemptions with Standard Permits.
Hence, the general direction of policy in England and Wales is towards formalisation of (at
least some of) the exempted materials.

Standard permits for waste materials require an assessment of the agricultural benefits to
land (up to 50 ha). Value is deemed to be recovered from applied wastes through nutrient
recovery (e.g. nitrogen and phosphorus), soil conditioning benefits (e.g. enhanced organic
carbon content), and replacement of chemical inputs (e.g. lime, chemical fertilisers). Once
application is deemed to be recovery, not disposal, the Environment Agency then assess the
risks to water, air, soils, plants and animals under the Waste Framework Directive’s Relevant
Objectives. Provided the application does not breach the objectives of the WFD with respect
to avoiding environmental harm, the permit can be granted.
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6.10 Development of a biochar standard or protocol

A single standard for biochar similar to PAS100 for compost could be developed, also
drawing upon the MBT CLO analytical suite currently under development by the
Environment Agency. As well as providing limits for allowable concentrations of metals and
organic compounds, the standard would require controls on input materials, processes and
extends to labelling. There may be benefits to developing a wider quality protocol (as
produced for compost) as some biochar will be made from waste materials and such
protocols give clarity on when the material has been fully recovered and is no longer waste.

6.11 Development of research applications of biochar

In England and Wales, researchers can submit a proposal to the Environment Agency’s Low
Risk Panel where their intention is to undertake experimental trials using biochar. The
Agency has issued a Regulatory Position Statement that sets out the conditions under which
the Environment Agency will consider allowing experimental trials to go ahead without
requiring an Environmental Permit, or an exemption from a permit (Environment Agency,
2008). This mechanism may be appropriate for undertaking biochar field trials, although the
Environment Agency will need to undertake an assessment of appropriateness on a case-
by-case basis.

6.12 Regulation in Scotland

Scotland does not have environmental permitting and waste spread on land would be
regulated under Schedule 3 of the Waste Management Regulation 1994 as amended
(http://www.sepa.org.uk/waste/waste_regulation/application_forms/exempt_activities.aspx).
The controls under Regulation 17 relate to certain conditions being met in order for the
activity to be exempt, which includes the requirement that the activity must not endanger
human health or harm the environment by: presenting a risk to water, air, soil, plants or
animals; causing nuisance through noise or odours; or adversely affecting the countryside or
places of special interest.

SEPA has provided criteria for evaluating agricultural benefits from applying wastes to land
which include: a) assessment of N, P and other plant nutrients in the waste relative to that in
the soil; b) effect of organic matter addition on water retention, porosity, stability, tilth and
workability; ¢) assessment of the pH of the waste and of the soil; and d) effect of the waste
on levelling uneven land. Meanwhile for ecological improvement, regard is to be had for the
maintenance and support of otherwise degraded habitats, the creation of new habitats and
restoration of an old habitat.

The distinction between Part A and B of Pollution Prevention Control exists in Scotland. A
pyrolysis plant with a capacity of less than 50 kg h™' feed for non-hazardous waste would be
exempt. For plants 50-1000 kg h™!, Part B applies. For all hazardous waste facilities (of any
size), and for non-hazardous waste facilities of over 1 t h” feed, Part A will apply. These are
generic conditions only; the precise nature of the permit would rest with the local licensing
team which would consider all aspects of the installation.

6.13 Summary

Despite the potentially relatively low risks posed by most types of biochar to human health or
the environment, the current situation lacks clarity and would benefit from a position
statement agreed by all UK regulators. It is complicated by the need to consider regulation of
the production and also of a variety of potential end uses for biochar. These need to be
proportional to any risks to human health and the environment and there will need to be
distinctions made between potentially lower-risk biochar from virgin biomass sources and
that from non-virgin biomass (waste) derived biochar. More information is required on the
properties and behaviours of different chars to better understand potential risks and allow
appropriate levels of regulation. The quality protocol approach used for wood, recovered
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aggregates, compost and other lower-risk materials could provide an excellent starting point
for this. Consideration should also be given to suppliers’ quality schemes for crops, and
livestock fed on crops and grassland where biochar has been applied. A supportive
regulatory framework will give confidence to producers and buyers and ensure there are no
barriers to widespread biochar use (assuming that biochar can be shown to be beneficial
and without adverse risks). Another potential avenue for regulation would be to develop a
matrix governing application of biochar to agricultural land similar to that used for treated
sewage sludge.
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7 MONITORING, VERIFICATION, ACCOUNTING AND REPORTING
Saran Sohi, Sarah Carter and Simon Shackley

Monitoring, verification, accounting and reporting (MVAR) is necessary in order to ensure
that: a) the claimed-for properties of biochar are realised (and / or better understood);
b) what is claimed to have happened does actually happen and is properly accounted for;
c) there are no adverse impacts arising from biochar utilisation; and d) the impact of biochar
on other indicators is properly understood. The research and development community will
need to undertake monitoring in order to further knowledge and provide information on
techniques that can be employed more widely. The stability, fate and impacts of biochar will
need to be monitored at long-term experimental and benchmark sites. A key objective will be
to validate the predicted trajectories for stability and other properties predicted from
laboratory and controlled environment studies. If predictability for such trajectories can be
established, the intensity and precision of deployment monitoring required for biochar carbon
verification and accounting could be relatively low, or rest primarily on verification of
application of a specified, certified, product rather than its actual presence in the soil.
Developers and regulators will need to develop MVAR capabilities that are accurate, cost-
effective, practical, and accord with best practice.

71 Techniques to determine the black carbon content of soil

Despite an extensive and coordinated effort in a ring-trial (Hammes et al., 2007), no strong
consensus on a universal, practical method for quantification of biochar in soil has emerged.
In part, this is because there has been a desire to discriminate black carbon in all its forms
from non-pyrogenic carbon, i.e. by the origin of the material, rather than according to their
stability in soil. As a consequence, some methods seek to include fractions of pyrogenic
carbon whose chemical composition and stability overlaps with the more stable (also
carbonaceous) components of heavily transformed soil organic matter. Different
quantification approaches operate at different levels of precision. Some methods are
correlative or proximate approaches typically based on spectroscopic data. Others are
oxidative approaches that seek a gravimetric quantification based on progressive oxidative
removal. Finally, there are methods that seek to quantify supposedly universal molecular
markers for pyrogenesis, rather than the entire pyrogenic product.

Biochar is chemically complex and difficult to distinguish from historic and naturally present
forms of black carbon present in soils including charcoal, coal and bituminous coal in areas
around coal seams and carboniferous sediments (Glaser and Knorr, 2008). Key current
techniques for estimation of char in soil are summarised in Table 7.1. The techniques vary in
their ability to accurately discriminate black carbon quantity and type in soil, and many are
inconsistent (Simpson and Hatcher, 2004a), with different results emerging from the same
soil samples and feedstocks (Manning and Lopez-Capel, 2009). Most experimental work has
been done on developing methods; these methods have not been used widely in dynamic
studies.

In the selection and development of methodologies for deployment monitoring, a
compromise in precision, cost and frequency must be made. In general, deployment
monitoring strategies should be low cost and reproducible, use readily available technology,
and not require a high level of expertise for consistent application at diverse sites. High
frequency monitoring using field-based spectroscopic methods could meet these
requirements, and therefore help to reduce project cost. Comparative accuracy is required at
the project stage, rather than the quantitative accuracy demanded for research purposes.
Site-specific sensitivity is also less important if site-specific reference land is available.
However, as yet there is no agreement on the most appropriate techniques for deployment
monitoring of biochar.
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1 Determination of solvent-extractable aromatic compounds as benzene polycarboxylic acids
(Brodoweki et al, 2005) or other biomarkers (e.g. Elias et al, 2001)

2 Chemo-thermal oxidation at 375°C followed by elemental analysis of the residue (Gustafsson
et al, 1997; Gélinas et al, 2001; Gustafsson et al, 2001)

3 Chemical oxidation using acid dichromate (Song et al, 2002) or sodium hypochlorite followed
by elemental analysis of the residue by 13C nuclear magnetic resonance (NMR) analysis
(Simpson and Hatcher, 2004a, 2004b)

4 Thermal/optical laser transmittance or reflectance (a method used for airborne particulates;
Huang et al, 2006)

5 UV-photo-oxidation of the sample followed by 13C NMR analysis of the residue (Skjemstad et
al, 1996, 1999).

6 Thermogravimetric analysis of the sample under flowing Heg,O,, (Lopez-Capel et al, 2005;
Manning et al, 2008)

Table 7.1: Key methods for quantifying biochar in soil
Source: Manning and Lopez-Capel (2009)

7.2 Monitoring the stability of biochar

The viability of biochar as a means of carbon abatement relies greatly upon its stability (see
Chapter 8). Benchmarked sites provide a means to validate and refine (but not develop)
predictions of longevity for diverse environmental contexts — land-use type, soil organic
matter content, soil texture, crop rotation, soil tillage, rainfall, and temperature regime — but
not permutations for different levels of each factor. Benchmark sites can also be used to
evaluate laboratory quantification methods, and for cross-referencing with emerging field
applicable tests.

7.3 Routine soil monitoring

As noted in Chapter 4, impacts to soil arising from the addition of biochar may differ
qualitatively, quantitatively and temporally from those associated with other organic carbon,
in part according to their comparative level of stability. A large addition of biochar could
potentially double the carbon content of many UK soils. Routine measurement techniques do
not discriminate biochar soil organic matter, and monitoring locations receiving periodic
addition of biochar are likely to show an increase that could mask an underlying decline in
soil organic matter content. In an Australian example, charcoal from prescribed annual
burning of sugarcane resulted in an increase in soil carbon, but an underlying decrease in
soil organic matter compared to the prior land use (Skjemstad et al., 1999).

The National Soils Inventory'® for England and Wales in its second partial re-sampling
measures pH, soil organic carbon and carbon to nitrogen ratio; Natural England’s five-yearly
Countryside Survey'' measures an extended range of variables that encompass biodiversity,
but at a smaller number of sites. Similar soil surveys are conducted in Scotland by the
Macaulay Land Use Research Institute. If the objective of monitoring is to establish the
general trend in microbially available organic matter, analytical techniques discriminating
atypical levels of black carbon would be required. If biochar use became widespread,
however, it would be possible to resolve the issue by reference to a national record of
biochar application, or a requirement to prevent biochar application at these sites (or at least
to require appropriate monitoring of black carbon). This suggests that part of any regulatory
system for biochar would require farmers and land-owners to maintain a record of biochar
application to identified land-areas.

19 hitp://www.landis.org.uk/data/nsi.cfm
" http://www.countrysidesurvey.org.uk/work packages 4.html),
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7.4 Monitoring for incorporation in the UK Greenhouse Gas Inventory

Biochar production and use has potential implications for three of the six Kyoto greenhouse
gases, namely: CO,, N,O and CH, (UNFCCC, 2008). The UK is legally required to submit a
greenhouse gas inventory annually to the European Union and to the United Nations
Framework Convention on Climate Change. The submission consists of detailed tables in a
common reporting format (CRF) and a National Inventory Report (NIR) which describes the
methodologies used.”” The estimates are consistent with Good Practice Guidance
developed by the Intergovernmental Panel on Climate Change (IPCC, 2000; 2003) and are
in accordance with UNFCCC Decisions 18/CP8, 14/CP11 and other relevant provisions of
the UNFCCC and the Kyoto Protocol.

The IPCC Good Practice Guidance required for use under the UNFCCC and the KP has a
three-tiered approach to inventory estimates: Tier 1 (generic emissions factors combined
with country-specific activity data); Tier 2 (country-specific emission factors, generally with
the same estimation method as Tier 1); and Tier 3 (detailed, often model-based, country-
specific estimates ).There is an increase in complexity, and (generally) in accuracy in the
data in going from tier 1 to tier 3. A combination can be used where data, or resources
required to gather data, are not available (Eggleston et al., 2006). The IPCC has provided
guidance on quantifying NIR uncertainties and these can be large (sometimes in excess of
20%) for non-CO2 gases (IPCC, 2000), although the uncertainty in the trend may be less
than the absolute uncertainty.

Inclusion of biochar in the NIR would require extension of existing methods and data
collection; however, some of the direct and indirect effects of biochar do not require a
separate approach or methods from those already in place. Table 7.2 summarises the areas
of the inventory which PBS would have an effect upon were biochar to be included in the
inventory. For emissions related to energy, transport, fertilisers and waste management,
there would be no need to change existing methods or data collection, which would capture
changes in greenhouse gas fluxes due to PBS.

A new category, or subdivision of an existing category, would be required in the NIR to
account for carbon sequestered in biochar. It would also be necessary to have a method for
accounting for changes in flux of CO2, N20 and CH4 due to the presence of biochar. The
key category principles for NIR propose that tier 1 is appropriate for non-key sources,
meaning sources that are not large or where the trend is not rapidly changing. The method
for constructing a tier 1 approach for biochar is not yet available due to scientific
uncertainties regarding the properties of biochar and its interaction with the receiving soil. As
the R&D community continues to develop better ways of characterising biochar with respect
to indicators such as the CSF, MRT and the impacts on soil organic matter, it should be
possible to define specifications for biochar which would allow a tier 1, 2 or 3 method to be
adopted. A tier 1 approach might simply account for the stabilised carbon in the biochar over
a defined project timescale. Biochar producers, importers and exporters would be required to
submit a ‘stabilised carbon return’, which would contain information on the quantity of
stabilised aromatic carbon imported, produced or exported, according to standards or
specifications.

7.5 Timeframe for analysis of biochar carbon abatement

An important policy question concerns the appropriate time-horizon for evaluating the carbon
abatement potential of biochar. If the time-horizon is 100 y, then carbon abatement from
biochar will appear much higher than if the time-horizon is, say, 500 y, because some of the
recalcitrant carbon will probably have mineralised to CO, between year 100 and year 500.
There is, in other words a seepage of recalcitrant carbon to atmospheric CO, on a centurial

"2 http://www.ghgi.org.uk/ This is the UK Greenhouse Gas Inventory, 1990 to 2007.
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Energy (including transport) Savings from avoided emissions due to energy generation and any transport

(CRF sector 1) fuel changes. Under current practice, pyrolysis of biomass would be
regarded as a 'carbon neutral process'. It would not therefore be necessary
to include the CO2 emissions from pyrolysis, or from the subsequent use of
bio-oil and syngas derived from pyrolysis, in the energy sector part of the
inventory. Change in transport requirements would be accounted for in
changed use of fuels at the national level and would not, therefore, be
separately accounted for.

Industrial Processes Emissions from the pyrolysis process are already accounted for through fuel
(CRF sector 2) and materials consumption.

Agriculture Fertiliser, feedstock production and avoided degradation of the feedstock, or
(CRF sector 4) burning of feedstock. Any reduction in fertiliser use through use of biochar

would be accounted for in the reduced consumption of fertiliser in the
national accounts. Hence, it is already accounted. The same applies to any
change in the diesel fuel used to drive farming equipment, machinery and

vehicles.
LUCF (Land Use Change and Land conversion for dedicated biochar crops from other land-use types are
Forestry) included
(CRF sector 5)
Waste Diverting feedstocks out of waste streams will alter this sector, for example
(CRF sector 6) diverted organic waste from landfill will potentially lead to reduced methane
emissions from landfill.
Future considerations for integrating biochar into the UK GHGI
LUCF Carbon stored in the biochar, added to soil
(Land Use Change and Forestry)  Stable carbon in the biochar added to soil
(CRF sector 5)
Agriculture Biochar and its interaction in the soil; reduced nitrous oxides and methane.
(CRF sector 4)

Table 7.2: Components of the UK greenhouse gas inventory relevant to biochar
Note: Categories are from Jackson et al. (2008)

to millennial timescale. Perhaps the key uncertainty for biochar as a form of long-term
carbon storage is uncertainty over the precise value of this seepage rate. For some forms of
carbon mitigation, a 100 y timeframe or even less is commonly regarded as appropriate for
climate policy analysis, and GWPs for comparing different greenhouse gases are typically
calculated on a 100 y timeframe. Where carbon or carbon dioxide is being stored, however,
and there is a risk of some of that carbon or CO, seeping back into the atmosphere, then it
has been argued (Shackley and Gough, 2006) that a multi-centurial time-scale may be more
appropriate than 100y given model results indicating that the CO, concentration in the
atmosphere remains high even when emissions have been radically reduced (Solomon et
al., 2009). In other words, if a large percentage of the stored carbon returns to atmosphere
within 100 y, then CO, could be being added at a time when greenhouse gas concentrations
are already at a dangerous level — simply making the problem of climate change worse
within the next century.

A similar debate has taken place within the context of CO, Capture and Storage (CCS). The
IPCC Special Report on CCS provided a judgement that: “...the fraction retained in
appropriately selected and managed geological reservoirs is very likely [probability between
90 and 99%)] to exceed 99% over 100 years and is likely [probability between 66 and 90%] to
exceed 99% over 1000 years” (IPCC, 2005). This represents an annual seepage rate of
between 0.01 and 0.001% per annum, or 100% loss over 10,000 to 100,000 y. Note that
these numbers do not attempt to provide an appropriate or acceptable measure of seepage,
but rather approach it from the perspective of what is probable given judicious selection of
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sites and best practice. It is not necessarily the case that biochar should aim to achieve the
same seepage rate as this, therefore, but it does strongly indicate the need for more debate,
clarity and methodological development on this vital issue.

7.6 Regulatory monitoring

Monitoring would probably be undertaken of activities involving biochar by EA, SEPA and
NIEA in fulfilment of statutory pollution prevention responsibilities. This may include
monitoring of: feedstocks, production, handling, transport and application, total nitrogen and
phosphorus content, silicates content, PAH and metal contaminants, wind- and water-borne
erosion from the application site and potential environmental sinks (water systems,
sediments, etc.). As discussed in Chapter 6, the use of standard rules, specifications, quality
protocols, and the like, will reduce the required monitoring intensity.

Establishing the contaminant or non-nitrogen nutrient content of soils or soil amendments
depends for either conceptual or practical purposes on “available” rather than total content.
Most analytical techniques require a liquid sample and depend on partial solubilisation,
either by leaching (“extraction”) with salts or solvents, dissolution with acids or alkali, or prior
ashing. With the exception of elemental contaminants (metals), this may result in artefacts
through modification of the target compounds. Char has a resilient aromatic structure that
results in low yields of extractable PAH, and a challenging analytical matrix that remains
resistant to hydrofluoric acid used to dissolve soil minerals. The apparent contaminant
content may be enhanced by “accelerated extraction”, but whilst falling short of providing
true content, it exceeds that which could conceivably become available in the soil. It is likely
that for widespread application of biochar, analytical protocols that draw on experience from
other regulatory areas, such as sewage sludge, will need to be established.

7.7 Monitoring for carbon credits

The requirement and rigour of methodologies proposed to determine carbon credits differ
according to the markets in which credits might be traded (Voluntary, Clean Development
Mechanism, etc.). This report is not the appropriate place for a detailed analysis of the
issues surrounding inclusion of biochar into carbon markets, a topic that is currently being
intensively debated in response to a proposed methodology for biochar under the Voluntary
Carbon Standard (VCS) (Carbon Gold, 2009). This methodology proposed that the stability
of biochar can be assessed as a function of the volatile to fixed carbon ratio: namely, if
biochar contains less than 50% volatile carbon the total mass of biochar can be considered
to be inert. This assumption has been strongly criticised and is not based upon any good
scientific evidence.

Central to acquiring any carbon credit is clear establishment of the baseline against which
the project is to be compared. A project also has to demonstrate ‘additionality’ — the carbon
credit should make a project economically-viable and carbon credits should generally not be
allocated to projects that are already financially-viable.

Credit on biochar transfer

Most simply, a credit for the stable carbon fraction of biochar could be issued at point of sale
or application. Limited monitoring would be required, specifically for the amount of biochar
added to the soil. Unless a CSF has been directly established for the biochar in question, a
conservative (generic) CSF would be applied to calculate saleable credit. The simplicity
renders a low transaction cost, excluding complexity (e.g. conferred by soil type and soil
processes) whilst excluding indirect or incidental CO.eq gain. It may also be possible to
define a laboratory-based “threshold” assurance system in which products with a minimum
proportion exceeding a critical stability level would receive certification. The threshold would
be carefully defined to ensure long-term stability, even under conditions that are relatively
favourable to degradation (Lehmann et al., 2009). No additional monitoring would be
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required for biochar that has been certified, with carbon markets insuring against the residual
uncertainty.

Simply accounting for the amount of biochar added to the soil, however, may be insufficient
assurance given the scale of the existing scientific uncertainties. Furthermore, the possibility
of biochar eroding-off site cannot be precluded (though it should still remain as stabilised
carbon in receptor sinks). There is also a risk that biochar may be diverted for combustion in
some circumstances. To verify incorporation of biochar into soil, or to assess the amount of
biochar carbon in a soil, an analytical technique that can discriminate biochar from the soil
matrix and other soil carbon, and quantify the biochar component, is likely to be required.

Credit on soil management change

In some voluntary carbon markets, carbon credits can, in principle, be assigned for a net
change in soil carbon associated with a permanent change in management. This might be
extended to include the addition of biochar. Since some of the changes in soil organic matter
evolve over time, while the amount of biochar added to soil over a given time period would
be recorded, the credit could be based on the measured change in total stabilised soll
carbon that emerges, or on the basis of a change that is predicted using a system
underpinned by a model that deals with underlying changes in soil organic matter at a high
resolution, including the dynamics and interactions of biochar. The system would
accommodate emerging empirical understanding of the impacts of biochar, e.g. on the
emissions of methane and nitrous oxide from amended soils, as well as on the CSF (Gaunt
and Cowie, 2009).

Credit on direct soil monitoring

Net reduction of GHG emissions can be directly assessed as the difference between “with”
and “without” biochar management (Carbon Gold, 2009). This approach has been adopted
in a proposed Voluntary Carbon Standard (VCS) for biochar. This undoubtedly provides a
thorough and direct assessment for overall CO,eq gain, but is intensive in measurement and
administrative terms. The proposed VCS methodology suggests that the percentage
composition of the biochar should be analysed a minimum of four times a year using
standard test methods, with pyrolysed material considered inert if the ratio of volatile to fixed
carbon is less than 50% (Carbon Gold, 2009).
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8 LIFE CYCLE ASSESSMENT

Jim Hammond, Rodrigo Ibarrola, Simon Shackley, Saran Sohi, Peter Brownsort and Patricia
Thornley"”

The focus of this chapter is the carbon abatement (CA) and carbon abatement efficiency
(CAE) of PBS. The main units used as measures of abatement are kg CO, t" 0.d. feedstock;
kg CO, MWh™ electricity and/or heat delivered, and kg CO, ha™ land. A schematic for LCA
methodology is shown Figure 8.1, and in more detail in Figure 8.2. A detailed list of the
technical assumptions is available at: www.biochar.org.uk.

The CA and CAE of major feedstocks outlined in three supply scenarios (Table 8.1) are
examined. The LCA approach is attributional rather than consequential LCA (Brander et al.,
2008), with the exception of the fossil-fuel offset through renewably-sourced electricity and
heat, where the usual convention of including offsets in calculating CA has been followed.
The analysis for virgin feedstocks assumes that 30 t ha™ biochar is applied to agricultural
soil in the first year, and that this is supplemented with 5t ha™ biochar each subsequent 5'y.
The time horizon used is 15-20 y.

Life Cycle Stages
Feedstock Prioduction Methods: The LCA tool is built from three
different components.
! . A) For the greenhouse gas emissions
Transport yrolysis associated with the production, transportation
and distribution of biomass to the factory
yrolys; gate, BEAT2 was used, a bioenergy LCA tool
developed by the EA, AEAT and Northern
Energy Associates (AEA, 2008). A separately
developed Excel-based LCA tool developed
. for the EPSRC Supergen consortium was
Electricity Transport of also used. Information on feedstocks was
and|Heat Char to|Farm derived primarily from Supergen and other
Genleration sources, although modified for the special
circumstances of biochar.
Electrigtty Transpc rt‘ of B) The slow pyrolysis plant was modelled
Char to|Fields separately, based wupon an extensive
and Heat literature review (Chapter 3). Carbon and
offset energy balances were calculated for a range
- of technologies and operating assumptions.
Application
to Soils C) The biochar to soils element was modelled
. using estimates in the literature and by expert
Soil Effdcts elicitation.

Char Carbon Soil
Sequestration

Figure 8.1: Overview of Life Cycle Assessment stages modelled

'3 Contributors: Jim Hammond (virgin biomass resources), Rodrigo Ibarrola (non-virgin biomass resources),
Peter Brownsort (pyrolysis model), Simon Shackley (integration and writing), Patricia Thornley (advice,
feedstocks) and Saran Sohi (soil model input). The detailed analyses are in Hammond (2009), Ibarrola (2009)
and Brownsort (2009)
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Figure 8.2: Detailed outline of Life Cycle Assessment stages modelled
8.1 Scenarios for available feedstock, biochar supply and technology scale

The resource pyramid approach (Bradshaw et al., 2007) was used to distinguish between
‘theoretical available resources’ (i.e. the total amount currently accessible), ‘realistic
available resources’ (which applies a first level of pragmatic judgement to limit the supply),
and ‘viable available resources’ (which applies a second level of pragmatic judgement to
further limit supply, taking particular account of likely or possible other demands in the
market place). Three different biomass supply scenarios of viable available resources were
developed to reflect the high level of uncertainty over availability given uncertain demand
and supply factors. These are: lower supply, higher supply and very high supply of
feedstocks available for pyrolysis. A wide range of virgin and non-virgin biomass feedstocks
have been included in the scenarios, though not all potential feedstocks are included. For
example, only one imported feedstock has been included, and not all types of organic
municipal and industrial waste. A further proviso is that the scenarios are based upon
existing or likely future biomass feedstocks as assessed by the team and drawing upon the
Supergen assessment of Thornley et al. (2009b); large-scale expansion of forestry has not
therefore been accounted for.
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As will be explained in Chapter 9, three representative pyrolysis units (PUs) have been
selected here: small scale (processing 2000 ty"), medium-scale (16,000ty") and large-
scale (185,000 ty'). For the purposes of the LCA, the small-scale PU has been modelled
differently from large-scale PU. This is in respect of the efficiency of energy conversion of
the oil and syngas, energy recovery from heat and the transportation and storage
implications. Hence, the LCA findings for the small- and large-scale PUs are different
(indicated as ‘small’ or ‘large’ in the figures in this Chapter). The medium-scale unit has not
been explicitly modelled.

8.2 CO, abatement using virgin biomass feedstocks

Unless otherwise stated, all results show CA relative to an average carbon emission factor
for UK grid electricity generated in 2008. Figure 8.3 shows CA ranges from 1.0-
1.41CO, t" o.d. feedstock. Systems which utilise wood residue feedstocks have the highest
CAE, closely followed by purpose-grown woody feedstocks. Small-scale straw-based
systems have a 15-30% lower CAE than wood residues, partly because of scale-factors (as
shown by the higher CAE of straw-based systems at larger pyrolysis unit scale); the rest of
the difference is explained by higher inputs for straw-based systems versus wood residues.
The values for straw compare well with other estimates in the literature for corn stover
(-1.11t1 CO,eqt’ 0.d.) (McCarl et al., 2009) and for wheat straw (-1.06t CO,eqt” 0.d.)
(Gaunt and Cowie, 2009).
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Figure 8.3: CO.eq abatement for virgin biomass feedstocks

8.3 Greenhouse gas emissions of virgin biomass feedstock production

With respect to feedstock production, not including the transport from production location, for
arable crops (wheat, barley, oil seed rape) there is an emission of approximately
90 kg CO.eq t'0.d."; and for SRC the value ranges from 30-70 kg CO,eqt” o.d.. For UK-
sourced forestry residues the values are low or slightly negative due to avoided CH,
emissions; for dedicated wood supplies that are chipped e.g. small round wood, short
rotation forestry, arboricultural arisings and sawmill residues, GHG emissions are lower
(ca. 7-30 kg COzeq t'0.d.) due to the low inputs required, provided that fossil fuels are not

' Where residues are used as the feedstock, a proportion of the total GHG emissions entailed in their production
is allocated to the residue, given by the economic value of the residue relative to the main product.

78



used in the drying process. For the imported Canadian forestry residues, the production
emissions are about 70 kg CO.eqt'o0.d. (chipped) and 130 kg CO.eqt'o.d. (pellets) of
which approximately 100 kg CO,eq t"0.d. is due to the transport by ship'. For Miscanthus,
emissions are just over 20kg CO.eqt'o.d., the low-value being explained by no
requirement for fertiliser or sewage sludge additions.

8.4 Life-cycle stage contributions to carbon abatement

The largest contribution to CA is from stabilised carbon in biochar, accounting for
approximately 40-50% of total CA (Figure 8.4).
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Figure 8.4: Life Cycle stage contributions to carbon abatement using virgin biomass feedstocks

The next largest contribution is from the indirect impacts of biochar in the soil, all of which
are currently uncertain: lower crop fertiliser requirement, lower soil NoO emissions, increased
SOC. These account for 25—-40% of CA (the proportion changing with the size of other CA
categories). The final major CA category is fossil-fuel offsets from renewable electricity
generation, 10—-25% of total CA. Similar information is presented in Figure 8.5 in which the
life cycle stages of the lower resource supply scenario are broken-down to illustrate CO,
emitting and abating stages.

8.5 CO; equivalent emissions per unit delivered energy

Carbon abatement is 1500-2000 kg CO.eq MWh™ (1.5-2.0 kg kWh™) for large systems
(Figure 8.6). This compares to average electricity grid emissions of 0.56 kg CO, kWh™ in
2006, and a long-term marginal value of 0.43 kg CO, kWh™ (Defra, 2009). For comparison,
modern bioenergy systems (combustion with grate or fluidised bed, gasification) produce
emissions from between 0.03-0.07 kg CO,kWh' (Thornley, 2009), or from 0.05—
0.30 kg CO, kWh™ according to the Environment Agency (2009). Whilst PBS appears to
offer far better CA MWh™ than conventional bioelectricity, this is a somewhat misleading
finding. Much of the CA from PBS results from stabilised carbon in the biochar and from
indirect soil effects (rather than from offset fossil fuel emissions), whilst the denominator -
electricity generation per unit biomass - is lower than for conventional bioelectricity due to
lower efficiency. Thus, the CA per unit electricity is high, but electrical efficiency is low. The

'® There are methane emissions avoided with use of forestry residues; therefore, although 100 kg COzeq t” o0.d.
is attributed to ship transport, the total emissions for Canadian forestry residue chips is 70 kg COzeqt ™' 0.d.
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effect is pronounced in the case of the small systems which have very low electrical
efficiency (ca. 7%)., Since the CA is relatively constant, with a smaller denominator the CAE
increases relative to the large system.

Soil sequestration

Soil effects

Heat generation and offset

Electricity generation and offset

Transport and spreading

Provision of biomass feedstock
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Figure 8.5: CO.eq abatement by life-cycle stage for lower biomass supply scenario
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Figure 8.6: CO.eq emissions per MWh electricity delivered from virgin biomass feedstocks

8.6 CO, equivalent emissions per hectare

On an area basis CA ranges from zero to nearly 30t CO,eq ha’ y' depending on PBS
feedstock (Figure 8.7). Waste feedstocks such as arboricultural arisings are the most
efficient in terms of land use as they do not require any additional land use change and do
not interfere with crop production systems; moreover, they are commonly disposed of as
wastes and hence PBS incurs less emissions through additional transport, handling and
storage stages.
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Figure 8.7: Annual CO.eq abatement per hectare. Note: No value is given for sawmill residues or
arboricultural arisings since the plants are not grown specifically for pyrolysable residues

8.7 Potential CO, abatement using non-virgin biomass feedstocks

Using the local authority area of Glasgow and the Clyde Valley as a case study, PBS was
assessed by LCA for five non-virgin feedstock streams: commercial and industrial (C&l)
waste wood, garden and green waste, sewage sludge, food waste, and anaerobic digestion
(AD) digestate (lbarrola, 2009). Selecting a specific geographic area allowed more precise
LCA, but extrapolation of the findings to other local authorities has to be done with care. The
kg COseq t' 0.d. are shown in Table 8.2. The results for PBS are shown relative to landfill
and AD as alternative options'®, and both fast pyrolysis and slow pyrolysis are modelled
assuming 35% and 10% biochar yield respectively. Calculated CAE ranges from 0.65 to over
2.00t COzeq t" encompassing, but also extending, the range for virgin biomass feedstocks.
A high CSF (1.0) has been assumed for non-virgin biomass, compared to a value of 0.68 for
virgin biomass. The CSF value in the case of non-virgin biomass feedstocks is very
uncertain and likely to be highly variable depending on feedstock type and processing.
Rather than arbitrarily selecting a value, we therefore chose to simply use a value of 1.0.
This will over-estimate the CA of non-virgin biomass feedstocks to some extent (by about a
fifth if the CSF were in reality 0.7 over 100 years).

PBS outperforms landfill and AD because it results in greater carbon stabilisation and more
efficiently converts biomass to electricity, therefore displacing more fossil fuel CO,
emissions. Wood waste (construction and demolition, plus commercial and industrial),
garden and green waste, and food waste have greater CAE than sewage sludge or AD
digestate. This is because of the higher calorific value of the former, and the higher
stabilised carbon content of their biochar product. Fast pyrolysis tends to produce more CA
than slow pyrolysis: the greater energy efficiency of fast pyrolysis proves more important to
the overall CA than the higher biochar yield of slow pyrolysis.

Gaunt and Cowie (2009) present a similar figure for CA of green waste compared to
conventional landfill with CH, recovery (1.0-1.2t CO.eqt" o0.d. feedstock). The Australian
and New Zealand Biochar Researchers Network has recently presented more results for a
range of non-virgin biomass feedstocks including poultry litter, paper sludge and green
waste: the CA is between 1.4 and just over 2.0t CO.eqt” 0.d. feedstock, the somewhat
higher values being explained by the larger avoided CH,4 emissions due to less CH, recovery
than is typical for the UK case (Joseph et al., 2009).

'8 To calculate the absolute CA for PBS, add the CA for landfill or AD to the value shown in the table for the PBS.
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Abatement efficiency
(kg COeq t' 0.d. feedstock)

Case Scenario

Construction and demolition / industrial and commercial waste wood

Landfills 110
Pyrolysis (10% biochar yield, biochar as fuel consumption) 4217
Pyrolysis (35% biochar yield, biochar as fuel consumption) 3578
Pyrolysis (10% biochar yield, biochar as fertilizer) 2207
Pyrolysis (35% biochar yield, as fertilizer) 1619
Garden and green waste
Landfills 107
AD (replacing landfills) 346
Pyrolysis (10% biochar yield, replacing landfills) 1441
Pyrolysis (35% biochar yield, replacing landfills) 1067
Pyrolysis (10% biochar yield, replacing anerobic digestion) 1276
Pyrolysis (35% biochar yield, replacing anerobic digestion) 902
Sewage sludge
Landfills 26
AD (replacing landfills) 12
Pyrolysis (10% biochar yield, replacing landfills) 910
Pyrolysis (35% biochar yield, replacing landfills) 648
Pyrolysis (10% biochar yield, replacing anerobic digestion) 918
Pyrolysis (35% biochar yield, replacing anerobic digestion) 657
Food waste
Landfills 83
AD (replacing landfills) -4
Pyrolysis (10% biochar yield, replacing landfills) 1622
Pyrolysis (35% biochar yield, replacing landfills) 1147
Pyrolysis (10% biochar yield, replacing anerobic digestion) 1665
Pyrolysis (35% biochar yield, replacing anerobic digestion) 1189
Anaerobic digestion (digestate)
Pyrolysis (10% biochar yield) 110
Pyrolysis (35% biochar yield) 79

Table 8.2: CO.eq abatement for five waste feedstock streams

Figure 8.8 indicates that the largest contribution to CA for both fast and slow pyrolysis in the
case of wood, food and green wastes is carbon stabilised in biochar (50-70%, excluding
digestate case) - higher than for virgin biomass feedstocks. The second largest contribution
comes from offset GHG emissions from fossil-fuel emissions (20—40%).

AD digestate

Sewage sludge

Garden and green waste

Food waste

Wood waste

Electricity generation and offset

M Biochar carbon storage

M Soil effects

0 200 400 600 800

1000 1200 1400 1600 1800 2000

Abatement efficiency (kg CO,eq t" feedstock)

Figure 8.8: The relative contribution of life-cycle stages to CO.eq abatement for a range of waste

streams and waste management options
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There are large uncertainties associated with the LCA work presented here. Many
assumptions have had to be made, and the overall outcome is quite sensitive to some of
these (such as the way that heat is provided for biomass drying, the implied yield of the
biomass production, and the way that the by-product co-allocation is calculated). Also,
biomass production systems vary in space and with time, making a calculation using a single
number problematic. For the non-virgin waste feedstocks, considerable uncertainties occur
with respect to the management of individual landfill sites (e.g. the biodegradable fraction,
oxidation factors, CH,4 recovery, etc.) making comparison of PBS to existing options difficult.

8.8 Potential CO, abatement using virgin biomass resources

Three viable resource scenarios have been used to estimate CO.eq abatement for lower,
higher and very high virgin biomass supply scenarios, extrapolating nationally using the
results for individual virgin biomass feedstocks shown in Figure 8.4. In these calculations the
contribution of imported wood residue from Canada converted into wood chips was kept
constant across scenarios. The results are shown in Table 8.3, which indicate that the
carbon abatement potential arising from virgin biomass feedstocks in the UK is between 3.5—
11.0 Mt CO»eq vy (Table 8.3).

Total assumed viable Total abatement Total abatement
Scenario feedstock (Mty ' 0.d.) (Mt COseq. vy (Mt Cegq. y™)
Lower resource 3.10 3.59 0.98
Higher resource 9.24 8.77 2.41
Very high resource 12.13 11.15 3.07

Table 8.3: CO.eq abatement from biochar production in the UK under three scenarios of viable
available virgin biomass resource. Note: Assumes slow pyrolysis and a CSF of 0.68. Stabilised
carbon calculated over 100 yr time horizon; baseline for fossil fuel offsets is 2008 average grid
electricity. In the majority of cases, no comparative baseline for the treatment of the biomass resource
has been included, i.e. except in the case of forestry residues, no account has been made of the fate
of the carbon in the biomass if pyrolysis to biochar had not been used. Provided that carbon does not
convert to CHy, it is appropriate not to include the carbon in the non-pyrolysis baseline, but treat as a
carbon neutral cycle.

Use of imported biomass for biochar production would increase the overall amount of CA
achieved if it resulted in an increase in available feedstock, though it would have to be
demonstrated that it makes more sense to move the biomass, rather than process it into
biochar in the country of origin (or use for some other purpose). The reason that some PBS
applications have little impact on overall CA is due primarily to the relatively small feedstock
volumes available for producing biochar. This can be seen in Figure 8.9 which tracks
feedstock volumes and CO, (equivalent) abatement of each.

25 25
| — Feedstock Input

2.0

1.5

1.0

Mt CO.eq abatement
Mt Feedstock

05

r 0.0

\ A\
a0 © a\; © ‘(\’&\;\N ‘(\‘&\26 ‘(\’gz\\?aa ¢ ‘(\;; ;g, \\a‘g\?se \\,&ge\ \\,&ge\ N a‘ges Qa‘ge\os o a‘ge\ \\ a‘ge\ \\a‘ge\ \\a(ge\
GNP OV s <) AL IR LS e g ¢ @ (9
\N“%\ 6""\6\1 e O\a“o(\ _02\‘;\\)«&\;« AN gov® \\‘\\500\ of oo\a“o“ O e \N“ea\ a‘\ei e
< < < e
(e @ ‘5‘(‘0‘\ N ol oot 5“02@\ o eee® @®
o) Ga(\a (o))

Figure 8.9: Quantity of virgin biomass feedstock and CO.eq abatement arising from PBS
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There is a very strong relationship between feedstock quantity and biochar carbon
abatement, which reflects the assumed constant yield of biochar, and an assumed CSF, for
all feedstock types. In reality it is likely that yield and CSF, as well as the indirect properties
of biochar in the soil, will vary between (and even within) feedstocks. Some feedstocks have
a somewhat greater CAE than others — e.g. Miscanthus, Canadian residue imports, sawmill
residues - than the straw-based feedstocks. This is likely to be a consequence of the lower
emissions associated with stages of the life-cycle, in particular production of the biomass.

8.9 Potential CO, abatement using non-virgin biomass resources

Calculated national CO,eq abatement values for non-virgin biomass resources are shown in
Table 8.4, derived using abatement factors presented in Table 8.2. The CAE of biochar from
non-virgin biomass waste is somewhat higher than that from virgin biomass resources. This
is largely due to the assumed CSF of 1.0 for non-virgin feedstocks, though in reality we
expect a quite wide range of values for the CSF less than 1.0. It is also partly due to the
lower or non-existent GHG emissions associated with biomass production. Non-virgin
biomass wastes have to be collected, transported and processed whether PBS is used or
not; in the case of virgin biomass resources, this is generally not the case, with some
exceptions, e.g. arboricultural arisings and sawmill residues; and GHG-emitting practices are
used in the production of dedicated feedstocks. Note that for the purposes of calculating how
much agricultural land could be treated with non-virgin biomass-derived biochar, it was
assumed that only 50% available non-virgin biomass feedstock would be suitable for
agricultural-grade biochar due to regulatory controls. This would potentially reduce carbon
abatement from non-virgin biomass resources, though other applications of biochar are
possible, including building or structural material, or storage in landfill or disused mines, etc

Abatement assuming

Total assumed viable Total abatement Total abatement 50% utilisation (Mt
Scenario feedstock (Mt y ™ 0.d.) (Mt COeq. vy (Mt Ceq. y™) COeqy’)
Lower resource 0.00 0.00 0.00 0.00
Higher resource 5.54 7.16 1.95 0.98
Very high resource 8.31 10.74 2.92 1.46

Table 8.4: CO.eq abatement from biochar production in the UK under three scenarios of viable
available non-virgin biomass resource. Notes: Based upon slow pyrolysis with a CSF of 1.0 and data
for one city-region (Glasgow and the Cl1yde Valley) (Ibarrola, 2009). If fast pyrolysis is used instead,
the abatement is 9.75-14.63 Mt CO, y~ (higher and very high supply). Calculations are relative to
landfill-based waste management systems (which are, overall, a net carbon abatement strategy). This
is an appropriate baseline to use given some conversion of carbon to methane in the non-pyrolysis
baseline and reasonably good knowledge of waste management practices. The table does not
currently include all categories of waste (e.g. MBT, poultry litter — both large sources of waste).

8.10 Sensitivity analysis

The outcome of the LCA is sensitive to assumed decay rate of the biochar, expressed as
mean residence time (MRT). If the MRT is below 500y, there is a reduction in the CAE
which begins to look concerning. This partly depends on the time horizon over which an
analysis is undertaken. Over the 100-year horizon evaluation, there is no important reduction
in CAE unless the MRT reduces to about 400 y. At a longer time-horizon evaluation of 200
or 500 y, the MRT value at which the CAE begins to decrease significantly is 500-700 y.

The CA values reported here will vary depending on the baseline against which they are
calculated. The 2008 average electricity grid carbon emission factor (CEF) has been used
here (0.501 kgCO,kWh™). If the offsets from avoided fossil fuel emissions were not included,
the CA would clearly be lower, as shown in Figure 8.10. Also shown is the implied CEF for
the electricity grid in 2030 which would be needed for the UK to be on track to meeting its
long-term carbon reduction targets. It can be seen that the choice of baseline has an impact
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on the absolute CA at the kt scale. Conventional bioenergy systems have CEFs that are, in
most cases, larger than the implied 2030 CEFs (Environment Agency, 2009), suggesting
that such electricity generation technologies would not be sustainable in the long-term. On
the other hand, Figure 8.10 shows that all PBS still abate CO, emissions relative to the 2030
CEF, since emissions savings do not arise from offsetting other fossil fuels used in electricity
generation so much as from the carbon stabilised, and the indirect effects of biochar in soil.
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Figure 8.10: CO.eq abatement by feedstock relative to three baselines for higher resource supply
Note: Grid electricity carbon emission factor (CEF) used is for 2008; offset fossil fuel emissions not
included; Implied CEF for the UK electricity grid in 2030 (assuming current government targets met)

8.11 Electricity generation from pyrolysis—biochar systems versus combustion

Figure 8.11 shows that biomass combustion stands to produce much more electricity than
PBS — more than twice as much.
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Figure 8.11: Electricity generated on basis of potentially available virgin biomass feedstock
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The electrical efficiency of PBS systems modelled range from 6—15%, whilst the electrical
efficiency of combustion here is assumed to be 33%. Electrical efficiency in dedicated bio-
energy plant in the UK is typically below 30%, so our assumption is conservative. In systems
co-firing biomass with coal, however, efficiency can be signficantly higher in new plant (up to
42%): average UK coal plant efficiency is 33%. Including thermal energy, the PBS systems
are 12—22% efficient. If more generous assumptions for heat availability are made (e.qg. if it is
assumed that 50% of the heat generated is useful and made use of), the overall conversion
efficiency may rise to 15-30%. It is anticipated that a programme of innovation improving the
overall energy efficiency of PBS will evolve with the prospect or practice of biochar
deployment.

PBS appears to offers greater CA then combustion at ca. 30% efficiency, even without
inclusion of indirect soil effects, though such indirect effects are necessary to compete with
combustion at an efficiency over 40%. If grid average of 80 kg CO.eq MWh™ is attained by
2030, and assuming biomass is still available as a resource, biomass combustion offers
almost no benefit (Bates et al., 2009), but PBS still offers CA benefits, i.e. it has net negative
CO.eq MWh' emissions (Figure 8.6). The PBS option raises the question of whether it is
electricity generation or GHG abatement that is most desired. At present, the incentives
structure is focused upon renewable electricity generation, and there is no mechanism for
rewarding stabilised carbon abatement in the soil. If carbon equivalent abatement is the
primary policy driver, inclusion of stabilised carbon in biochar and its indirect impacts on soil
GHG fluxes, would be given some value alongside renewable electricity generation.
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9 ECONOMIC ANALYSIS
Simon Shackley, John Gaunt, Saran Sohi and Jason Cook

The economic assessment of biochar should consider the total costs and benefits of
developing, implementing and managing PBS. A simple framework is presented in Table
9.1. Information on many of these costs and benefits is currently not available because
dominant technological designs and management systems for biochar production and
application are not yet developed.

Total costs: Total benefits:

Cost of producing , delivering and applying biochar Value of biochar

Biochar Production Transportation Application Energy Agricultural Carbon Diffuse pollution
& storage production gains storage abatement

Feedstock Equipment Equipment Electricity value  Yield gain C abatement Reduced nitrate run

Transport Labour Labour Heat value Quality off

Utilities New covered Monitoring, verif- Reduced fertiliser

Maintenance & storage facilities ication, reporting Soil workability

operation Water retention

Labour

Capital costs

Gate fee

Table 9.1: Summary of costs and benefits associated with pyrolysis-biochar systems (assuming that
the biochar does not contain contaminants)

One attempt to undertake a full Cost Benefit Analysis (CBA) for biochar in the context of the
US mid-west was undertaken by McCarl et al. (2009). This is for a 70,000 t y™' plant, costing
$24 million (£14.5 million), with a 20y life time and a discount rate of 12%. McCarl et al.
conclude that slow and fast pyrolysis of maize residue for biochar production and energy by-
products is not profitable. The Net Present Value (NPV) for fast pyrolysis is -$45t"
feedstock and -$70t" feedstock for slow pyrolysis. There is a risk in putting too much
credence on quantitative net present values in a situation of such high uncertainty, and as
noted in Chapter 4, many of the possible benefits of biochar are speculative at the current
time, in the UK context. It is also understood that the data for the slow pyrolysis operation in
this study were inferred, not derived from a pilot plant. Given that 1 t feedstock converted to
biochar results in approximately 11t CO.eq abatement (Chapter 8), and removing the
$4 t CO.eq abatement value assumed by McCarl, et al. (2009), the carbon abatement cost is
therefore $49 to $74 t' CO,. This is similar to the abatement costs commonly reported for
many renewable energy technologies and for CO, capture and storage (CCS), though
cheaper options for carbon abatement currently exist in the UK.

The financial benefits to agriculture of biochar application to soil are insufficiently
understood, in the UK context or globally. This leads to reluctance to undertake a full CBA.
Some existing studies have attempted to do this, but have needed to assume the benefits of
biochar in terms of elevated crop yield. For example, Gaunt and Cowie (2009) explore three
scenarios (low, medium, high) to represent soil responses to a biochar addition at
5tha’.McCarl et al. (2009) assume a 5% increase in crop yield from a 5tha’ biochar
addition, as well as a reduction in lime and nutrient requirements. Collison et al. (2009)
assume that an unspecified level of biochar application would result in a 5% increase in feed
wheat and potato yields, a 3% uplift in quality, a 10% reduction in fertiliser use and a 5%
reduction in cultivation costs in the East of England region."” The overall effect was a
reduction in the total variable costs in the case of biochar addition and a significant increase
in per hectare profitability (£143 ha” for feed wheat, £545 ha™ for potatoes). Making these

" An increase in costs for grading and sundries in the case of potatoes with biochar addition is also included
here.
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kinds of assumptions is necessary if the agronomic value of biochar is being sought, or if a
full CBA is being attempted. There is a significant uncertainty in the net present value of
biochar, and over 40—-60% of the agronomic value of biochar in the above studies arises
from impacts other than crop yield (for example, from changes in quality and reduced
fertiliser application), and the factors included in different studies are not consistent (e.g. the
impact on crop quality is included in Collison et al. (2009), but not in McCarl et al. (2009).

A further complication with undertaking a CBA from a societal perspective, is that transfer
payments from one firm in the economy to another should be excluded, such as revenue
streams that are in effect a cost (including as a lost revenue) to another firm. This would
apply to revenue from tipping fees, avoided landfill tax and payment of ROCs. A more limited
approach than full CBA is to estimate the cost of producing, transporting and applying
biochar to the field and then working backwards to what the break-even selling point (BESP)
would be per tonne of biochar. The BESP is a production cost for a tonne of biochar; hence
the accumulative agronomic and soil benefits of biochar plus any carbon storage benefits
that could be claimed need to exceed BESP for a biochar strategy to be financially viable.

9.1 Feedstock

A recent report from NNFCC (Mortimer et al., 2009) has provided estimates of bioenergy
feedstock costs and feedstock transportation costs (see Table 9.2). Transportation from the
feedstock production site to the pyrolysis unit is assumed to occur in a single stage for small-
scale operations, or in two stages (with an intermediate storage facility on field or side of
road or in an existing waste handling facility) for large-scale operations. The data on
feedstock and transportation costs is largely derived from (Mortimer et al., 2009) and
represents state-of-the-art assumptions, practice and understanding.

9.2 Storage and transport from pyrolysis unit to farm

Once the biomass has been pyrolysed, it needs to be taken from the pyrolysis unit to a
storage unit either on the farm, or in a dedicated storage facility. If biochar is to be widely
deployed, large-scale storage facilities are necessary. Virgin biomass resources will be
available intermittently throughout the year, e.g. at harvest times in summer — autumn,
although some energy crops, e.g. Miscanthus, are harvested in the spring. Some non-virgin
biomass resources will be more consistently available throughout the year, though the
availability of others such as arboricultural arisings and green waste will be skewed towards
the growing season. Opportunities for biochar application to soils will also be skewed
towards certain times of the year, e.g. spring and autumn, when crops are not growing and
fields are suitable for coping with tractors and implements. The availability of biochar in
adequate quantities at the appropriate time would inevitably require large storage
capabilities. Such storage facilities might be already available on farm, or could be
constructed on-farm for relatively small quantities of biochar, e.g. from a small-scale
pyrolysis unit (processing under 2000ty feedstock). For medium-scale (2000-25,000ty™
feedstock) and large-scale (>25,000ty" feedstock) pyrolysis, it is assumed that biochar
deployment will be contracted-out and storage will occur in specially constructed units at a
cost of £130m® over 10y. The annualised cost is £25t" biochar.”® 85 very large
(200 x 100 x 5 m) storage facilities would be required at the UK scale for the lower supply
scenario; and 293 and 393 such units under the higher and very high supply feedstock
scenarios respectively. A lower-cost storage option was considered, storing biochar at the
margin of fields in appropriate flexible containment. This would cut out the need for lengthy
indoor storage periods. A nominal value of £1 t' was selected for this approach, though the
extent to which this approach might be achievable and practicable is as yet unknown.

'8 Further analysis suggests that the cost of storage can be brought down to approximately £15 per tonne by
assuming optimal use of the available storage area. This would lower biochar production costs by £10 per tonne
and reduce the number of storage facilities required.
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9.3 Capital costs of the pyrolysis plant

Plant accounts for a large part of total cost. There is a wide variation in the specific capital
costs for bioenegy systems, with smaller plants costing substantially more per unit of
installed capacity than large plants, but advanced technologies not necessarily costing
significantly more than conventional ones (Thornley et al., 2009a). There are three reasons
for this. Firstly, biomass feedstocks are bulkier and require larger storage areas and
handling facilities than fossil fuels. These costs commonly constitute 20% of the overall
capital costs, this proportion remaining constant regardless of the technology.

Secondly, bioenergy systems require significant engineering design input and this does not
scale with capacity. Thirdly, many of the component parts (especially steam plant) are
optimised for larger-scale utilisation and so procuring small-sized components costs
proportionally more than in the case of a larger-sized component.

Existing specific capital cost estimates of bioenergy plant can be used to provide an
estimate of what a slow pyrolysis unit might cost. The costs of two such systems are
illustrated in Table 9.3.

Wood gasification Wood combustion

Plant analogy (power only) (power only)
Installed capacity (MWeq) 2 25
Specific investment costs(£ kWeq™) 2400 1100
Feedstock rate at 30% moisture (kg s™) 0.64 7.19
Cost (£m kg s” installed capacity) 7.5 0.003824
Pyrolysis unit in place of Pyrolysis unit in place of combustion
downdraft gasifier chamber.

Major design differences for pyrolysis

Addition of conveyors, augers,
separation equipment, and
storage silos for biochar
(replacing existing ash
discharge unit)

Smaller rated engine for
reduced gas throughput

Addition of conveyors, augers,
separation equipment, and storage
silos for biochar (replacing existing

ash discharge unit)

Possible: Smaller rated engine
replacing boiler and steam turbine

Material requirements similar;
design costs higher.

Material requirements similar; higher

Remarks on costs control and design costs

There might be small reduction
in costs compared to
gasification unit, though unlikely
to be more than -20%.

There might be a small increase in
costs compared to combustion due
to additional handling, design and
control costs. Again unlikely to
exceed +20%.

Direction of cost changes for pyrolysis-
biochar unit

Table 9.3: Specific capital costs of bioenergy plant that is analogous to pyrolysis plant
Note: Specific capital costs of 250 kW gasifier with engine using woodchips assumed £2300 kWh'

There is a large difference in the specific capital costs of the two cases, due more to the
difference in scale than to the differences in technology. As with bioenergy systems in
general, there are strong economic drivers towards implementation of larger-scale
technological systems. Some analyses of costs and recent policy incentives (e.g. new ROC
values) suggest that a better return on investment will derive from larger, more-centralised
units, than from smaller-scale units (Thornley et al., 2009a). The indicative numbers in Table
9.3 broadly agree with other numbers in the literature, e.g. McCarl et al. (2009) uses a value
of $1896 kWh™' (c. £1185 per kWh) for a 12.5 MWeq pyrolysis facility.
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9.4 The overall cost of biochar delivered to the farm

The overall per tonne cost has been calculated using the data in Table 9.2 on the costs of
delivering feedstocks to a pyrolysis unit, transporting biochar to a storage facility and then to
the farm. The costs of transporting biochar from the farm depot and applying and
incorporating it into fields was calculated at approximately £7 t'). These data were entered
into a spreadsheet model of a medium-scale (16,000 t y' feedstock) pyrolysis unit, using the
capital and feedstock costs provided in Tables 9.1 and 9.2. A list of the detailed technical
assumptions behind the analysis is avaialbe at: www.biochar.org. The spreadsheet model
can also be made available by contacting one of the editors. The spreadsheet was adapted
to explore the situation for a small (2000 t yr" feedstock throughput), medium (16,000 t yr"
feedstock throughput) and a large (185,000 t yr' feedstock throughput) facility. The results
are shown in Table 9.4. The cost of production is calculated by subtracting revenue from the
total costs over a ten year period and then dividing that number by the quantity of biochar
produced over that period. In other words, the loss made by the PBS is distributed across
the quantity of biochar produced, giving a break-even selling point value. The numbers in
Table 9.4 therefore represent the minimum price that would have to be charged per tonne of
biochar generated in order for the operation to at least break-even. Note that where a profit
is made by the operation, it is not possible to ascribe a cost to biochar production in the
same way as where a loss is made. In that case the PBS is already profitable, and the
biochar by-product is essentially free. For this reason a cost of zero has been applied for
those situations where PBS is profitable. In future work, it may in these cases be preferable
to ascribe a cost to biochar based upon the relative value of all the by-products.

Total cost of biochar production: feedstock production to
field deployment (£ t biochar)

Dedicated Innovative field-

On-farm storage )
storage margin storage

Small-scale farm-based pyrolysis facilities (c. 2000 t yr'' o.d. feedstock)

Average feedstock 291 not relevant 276
Low-cost straw (£10 t") 211 not relevant 194

Medium-scale pyrolysis facilities (c. 16,000 t yr'' 0.d. feedstock)

Very high feedstock resource scenario 311 358 304
Higher feedstock resource scenario 334 379 318
Lower feedstock resource scenario 397 430 380
Food waste 68 117 52
Green waste & sewage sludge 131 181 115
Arboricultural arisings (higher resource) 220 275 210
Low-cost straw (£10 t™) 261 304 214
Wood waste 280 329 263
Large-scale pyrolysis facilities (c. 185,000 t yr" 0.d. feedstock)
Very high feedstock resource scenario 206 280 181
Higher feedstock resource scenario 170 246 158
Lower feedstock resource scenario 309 363 282
Green waste & sewage sludge 0 0 0
Food waste 0 0 0
Arboricultural arisings (higher resource) 47 112 4
Low-cost straw (£10 t'1) 78 156 11
Wood waste 118 199 91
Low-cost straw (£20 t) 123 204 96

Table 9.4: Total cost of biochar production from feedstock provision to soil application

Notes: Use of all the virgin biomass resources in assumed in each scenario and, in addition, 50% of
the non-virgin biomass resources for each scenario. The three feedstock supply scenarios imply
different quantities of each feedstock type. The proportion and cost of each feedstock type in each
scenario was calculated to come up with an ‘average’ cost for one tonne of feedstock for each
feedstock supply scenario. The cost of producing 1 t biochar from the cheaper virgin and non-virgin
biomass feedstocks was also calculated
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Depending on the assumptions used, biochar may cost up to £430 t" delivered and spread
on fields. There are potentially attractive opportunities for producing biochar in terms of
cheaper virgin feedstocks, such as arboricultural arisings. Under scenarios where green
waste or food waste is used as a non-virgin feedstock, biochar can be produced as a
product at no cost. By using these, instead of more expensive wood or straw feedstocks, it is
possible to reduce the costs per tonne of biochar produced in a medium-scale unit by 25—
35%. The cost reduction is even greater for biochar produced from arboricultural arisings in
a large-scale unit: namely, from 80 to nearly 100% as shown in Table 9.4.

Some lower-cost straw options have also been explored, since there can be a wide temporal
and spatial variation in the price of straw feedstocks. For example, whilst wheat and barley
straw prices have been £30-60 t' during much of 2008 and 2009, in 2007 the price of wheat
straw was more typically in the range £20-30t", and £30-50 t" for barley straw (Defra,
2009). It can be seen that at a price of £10t" the costs of producing biochar from straw
comes down significantly — especially at the large-scale production unit.

The breakdown of the costs is shown in Table 9.5. The greatest costs are those for
borrowing capital, feedstock and operation. Costs are also compared for PBS using small-,
medium- and large-scale production systems Figure 9.1. Small-scale on-farm biochar
production benefits from lower transport cost, large-scale production from much lower capital
costs. Figure 9.2 shows a corresponding costs breakdown for three non-virgin biomass
waste streams: wood, green waste, sewage sludge and food (vegetable and animal) waste.
The feedstock costs are low except for waste wood, whilst avoided gate fees provide an
important revenue stream. Transport costs are also low because PBS introduces few
additional transport requirements, beyond transport needs already accounted for in waste
management.

Feedstock management
Electricity
Biochar application

Biochar storage

Operational

m Large-scale on-farm storage -
optimistic supply
Medium-scale on-farm storage
- optimistic supply

m Small-scale on-farm storage

Transportation

Feedstock

Capital (annualised)

60 -50 -40 -30 -20 -10 O 10 20 30 40 50
Cost (£t 0.d. feedstock)

Figure 9.1: Breakdown of pyrolysis—biochar system costs at three different production scale

The ability to raise additional revenue through avoided gate fees, the low or non-existent
feedstock costs, and the low transport costs all help to explain why the use of non-virgin
biomass waste resources provides a much more favourable economic outlook for a PBS. On
the other hand, pyrolysis of such materials will probably pose greater risks and more
difficulty in addressing regulatory questions and issues. Use of such materials might also
encounter scepticism and resistance from some farmers and land-owners. The most
attractive option is perhaps to use virgin feedstocks that are also relatively low cost, such as
arboricultural arisings. At prices of less than £20 t", straw also looks to be an attractive
option, especially if storage costs can be minimised.
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Feedstock management
Electricity
Biochar application

Biochar storage

Operational
m Large-scale on-farm storage -
Transportation food waste
Large-scale on-farm storage -
Feedstock green & sewerage waste

m Large-scale on-farm storage -

waste wood

Capital (annualised)
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Figure 9.2: Breakdown of pyrolysis—biochar system costs for non-virgin biomass resources: wood
waste, green and sewage waste, and food waste



10 SURVEY RESULTS

Sarah Carter, Kirsten Sims, Simon Shackley and Saran Sohi

An online survey, using a standard design,’® was distributed to individuals (and online
networks) who are working on, or have a knowledge of, biochar and related issues. The
sample is not random since individuals and organisations involved in biochar R&D and policy
were approached deliberately. In total 145 useable responses were received, of which 118
were complete. Individual responses were requested, whilst recognising that opinions will
usually be shaped by the organisation in which that person works. Some organisations
chose to submit a combined response on behalf of the organisation.

The participants were asked to indicate how much time they spent working directly or
indirectly on biochar (Figure 10.1). It can be seen that most respondents (ca. 60%) worked
on biochar for less than a third of their time. Only 19% worked on biochar for more than 70%
of their time. Many respondents had expertise in related issues, and 55% (n=145) spent
>10% of their time working on either soils, bioenergy, agronomy or project development /
carbon markets. Respondents were from a total of 21 different countries in Europe, Africa,
Asia, Australasia and North America. The majority were from the UK, however (58%). Very
few respondents considered that they had very high levels of expertise on biochar.
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Figure 10.1: How much time is spent on average on issues directly or indirectly concerned
with biochar?

10.1 Global abatement potential and achievement

Respondents were asked to predict how much carbon abatement from the use of biochar —
in a sustainable way — is credible by 2010, 2020 and 2030. The results in Figure 10.2 to
Figure 10.4 show the general trend in expected growth in the use of biochar over the next
20—40 years. This was expected to be slow initially (Figure 10.2): in 2010, 17% of the
sample predicted that no carbon would be abated using biochar, whereas by 2020 no-one
selected this option of zero abatement potential. By 2030, over 50% of respondents estimate
that more than 500 MtC could be abated globally through biochar deployment. Perceptions
of biochar carbon abatement by 2050 varied by several orders of magnitude: 8% of
respondents thought that <100 MtC could be abated, while 3% thought that >6000 MtC (i.e.

'9 Bristol Online Survey Tool: www.survey.bris.ac.uk/
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6 Gt) was possible. There is considerable uncertainty in estimating the long-term prospects
for biochar, just over a third of the sample responding ‘don’t know’ (or using the option to

make a general comment). This uncertainty increased somewhat for the longer-term
scenario.

40

m2010 m2020 2030
35

30

25

20

15
10

0, . .

0 0-100 100-500  500-1000 1000-3000 3000-6000 6000 Don't know

Proportion of respondents (%)

Amount of carbon (Mt)

Figure 10.2: Globally, how much carbon abatement from use of biochar —in a sustainable way — do
you think is credible by 2010, 2020 and 20307

Data from UK respondents on whether they thought that the potential for biochar would be
likely to be greatest in the developing or developed countries was analysed. Figure 10.3
illustrates that they expected the most potential will be in developed countries in the next two
decades, but that by 2050 the developing countries hold greater potential. There was,
however, a large increase in uncertainty, from 17% ‘don’t knows’ (n=84) for predictions over
the next 10—20 years to 31% ‘don’t knows’ for predictions in 40+ years (n=84).

I

Short term (10-20 y)

Medium term (20-40 y)

Long term (40+ y)

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
Proportion of total potential

M Developed M Developing ' Don't know

Figure 10.3: Overall, where do you feel there is most potential for biochar uptake?

Data was also analysed from the UK respondents about the potential in Europe in 2020 and
2050 (Figure 10.4). The potential for deployment being ‘very high’, ‘high’ or ‘moderate’ was

expected by 63% (n=76) of respondents by 2020 and by 79% (n=75) of respondents by
2050.
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Figure 10.4: The potential for biochar deployment in Europe by 2020 and 2050

10.2 Carbon abatement in the UK
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Figure 10.5: How important in terms of carbon reduction potential do you think biochar will be in
achieving deep carbon abatement in the UK by 2020 and 20507

Figure 10.5 and Table 10.1 show the response to the question of how much carbon
abatement can be achieved from biochar deployment in the UK by 2020 and 2050. The box
plot shows the minimum value, the median (g2), the lower quartile (q1;25% below the
median), the upper quartile (q3; 25% above the median) and the maximum value. Any
outliers are included, but outliers more than three times the inter quartile range (IQR) or
three box plot lengths from the mean) have been removed from this figure. Reductions are
relative to 1990 emissions of 212 MtCeq. By 2020, a reduction of 82 MtC is needed to meet
a 40% reduction target. By 2050, a reduction of 170 MtC is needed for 80% reduction. It can
be seen that respondents expect larger reductions from biochar in 2050 than in 2020.
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% of 2020 MtC % of 2050

tC reduced emissions reduced emissions
by 2020 reduction target by 2050 (n reduction
(n=23) abated = 23) target abated
Min 0 0 0 0
ql 3 4 10 6
q2 5 6 20 14
q3 10 12 30 17
Max 200 244 800 470

Table 10.1: Carbon which can be abated annually from UK biochar deployment by 2020 and 2050

If the biochar carbon abatement expected by the mid 50% (or IQR) of the group was
achieved this would constitute 4—12% of the 40% reduction needed by 2020, and 6—17% of
the 80% by 2050 reduction. The respondents’ estimate for 2020 of between 4-12 Mt C yr
abatement compares with LCA results in Chapter 8 that provide a figure of between 1—6 Mt
carbon abatement. Respondents may, therefore, be somewhat over-optimistic on the
availability of feedstock for biochar production in the UK: on the other hand, respondents’
were addressing this issue with respect to 2020 rather than today or the short-term (which is
the focus of the LCA assessment). Even though the majority of the responses were quite
compact, which suggests a consensus for the majority, there were still disparate views.
Some respondents suggested that no abatement is possible, whilst others suggested that
biochar alone could more than exceed the abatement target for 2020 and 2050.

10.3 UK feedstock potential

Potential feedstocks for the UK scenario were considered and the results presented in
Figure 10.6 for UK respondents.

Animal slurry

Palm Kernel Expeller
SRC

Paper sludge
Manure

Woodchip and other forestry waste

0% 20% 40% 60% 80% 100%
Potential

| Individual small scale project ™ Individual large scale projects Neither Don't know

Figure 10.6: At present what feedstocks do you expect to have the most potentlal for biochar
production in the UK? Small scale = |nd|V|duaI E))I’OJeCtS involving <10 t y biochar, large scale =
Individual projects involving >10 t y"' biochar).

%% The definition of small- and large-scale PBS differs from those used in Chapters 8 and 9; thinking on PBS has
evolved during the course of the work but makes it difficult to interpret responses to this question in the context of
other aspects of the report.
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Woodchip, municipal organic waste, paper sludge, arable crop residue and SRC were
considered to have the most potential. A range of scales were expected, with the greatest
potential for small scale projects being for manure (45.6%, n=79) and arable crop residues
(40.7%, n=81), while the greatest potential for large scale projects was from feedstocks
already collected in large centralised facilities (e.g. MSW, woodchip, sewage sludge) and
from dedicated biomass crops (e.g. SRC).

10.4 Mean residence time in soil

Respondents were asked to estimate the likely mean residence time (MRT) of biochar
(Table 10.2, Figure 10.7). Maximum and minimum residence times were also requested.

Maximum residence Mean residence Minimum
time time residence time
minimum 100 20 1
ql 1900 500 43
median 5000 1000 100
q3 10,000 1600 391
maximum 1,000,000,000 10000 7000

Table 10.2: Estimates of the mean residence time of biochar in soil

20000 1

15000

Residence time (y

m—

I ' | ' |
Maximum Mean Minimum
Figure 10.7: Estimates for the mean residence time of biochar in soil

Nearly half of the sample (47%) suggests that there is not enough evidence available at
present to estimate the mean residence time of biochar (n=137; Figure 10.8). Less than one
fifth of the sample believed that there is sufficient information to address the question of the
MRT. This level of uncertainty is very important given that the carbon equivalent abatement
from biochar (and its cost) is highly sensitive to the assumed MRT of biochar (see Chapter
8). Furthermore, many of the respondents do not consider that they possess the specialist
knowledge to answer the question concerning MRT: between 37 and 44% of respondents
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selected “don’t know”.2" Only 6% of the sample felt that they had sufficient knowledge to

answer the question. And there were only five respondents who thought that there is enough
evidence and that they personally had enough knowledge to estimate the MRT.

No.
Response respondents % n
In my opinion, there is not enough evidence available to answer this 64 46.7 137
In my opinion, there is sufficient evidence available to answer this 24 17.5 137
| feel | do not have enough knowledge of this subject to answer this question accurately 46 33.8 137
| feel | have sufficient knowledge of this subject to answer this questions accurately 8 5.8 137
Other 42 30.7 137

Table 10.3: The state of knowledge surrounding estimation of mean residence time of biochar in soil

Data from those who responded “In my opinion, there is sufficient evidence available to
answer this” were selected; the data show reasonable consensus (Figure 10.8; Table 9.4).

10000

7500~

Residence time (v)

5000
2500
J L S
| ' | ' |
Maximum Mean Minimum

Figure 10.8: Estimates from those who feel that there is sufficient evidence to predict mean residence
time of biochar in soil

Maximum Mean residence Minimum
residence time time residence time
minimum 200 100 20
ql 500 1000 100
median 10000 1500 200
a3 10000 4500 500

Table 10.4: Estimates from those who feel there is sufficient evidence to predict the mean residence
time of biochar in soil

21

No. of % of
respondents respondents n
Mean residence time: 'Don't know' 53 38.7 137
Maximum residence time: 'Don't know' 58 42.3 137
Minimum residence time: 'Don't know' 60 43.8 137
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As a carbon abatement strategy, this report proposes that PBS must abate carbon on at
least a centurial time-scale. Some of the lower estimates of the MRT would render the PBS
approach as a less desirable option for CA, though it may still be desirable from the
perspective of agronomy and sustainable soils. Several respondents held a different
perspective and commented that exact knowledge of the MRT is not necessary:

a) “Every measure decelerating the carbon cycle slows climate change; an exact
knowledge of MRT is less important”

b) “It is long enough to be important in C sequestration. The exact time is not that
important”

10.5 Public opinion

UK based respondents (n=71) were asked whether there may be any negative public
opinion regarding biochar application. In the UK context, Figure 10.9 shows that possible
impacts on land use / food prices is the major cause of concern, with 66% of respondents
suggesting a significant likely concern in the UK. Potential concerns at the global scale relate
predominantly to land-use change, biodiversity loss and large-scale plantations.

Lack of 'voice' for people in the developing world

Inequality between developed / developing countires (same / worse)
Large scale plantations in developing countries

Large scale plantations in developed countries

Tropical forest loss

Displacement of indigenous human populations

Loss of carbon from biochar

Impacts of biochar on the food chain

Negative effects upon soil and ecosystems
|

Adverse land use and / or food prices

1
T T T T T

0% 20% 40% 60% 80% 100%
Proportion of UK respondents

M Highly significant B Slightly significant ™ Not significant ~ Don't know / can't tell

Figure 10.9: What do you think may cause a negative public opinion of biochar in the UK?

10.6 Barriers

Figure 10.10 shows that UK respondents expected the major barriers to biochar deployment
in developing countries were: ‘Lack of knowledge and understanding of the impacts of
biochar in soil (78.9%, n=71); ‘Lack of financial or policy incentives’ (73.2%, n=71), and
‘Proves difficult / impossible to monitor and verify deployment of biochar’ (71.8%, n=71).

Lack of financial / policy incentives were a particularly significant barrier, and this is reflected
in the respondents views of the future carbon emission policy frameworks which are likely to
emerge in Figure 10.11 (i.e. >50% selected options a, b or ¢ — relatively low targets).

The difference in those who anticipate a tough global emissions accord (options d and e,
n=38) and those who were more pessimistic about the framework which will emerge over the
next few years are shown in Figure 10.12 with respect to anticipated global carbon
abatement from the use of biochar (options a and b, n=31). Those who are the most
confident in achieving a tougher climate policy framework (options d and e) tend to regard
the contribution of biochar to CA as being greater.
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Lack of dominant technology designs for pyrolysis

Lack of physical infrastructure

Involvement of corrupt or weakened institutions

Lack of skilled staff

Lack of start-up capital

Lack of land tenure security

Proves difficult / impossible to monitor and verify deployment of biochar
Technology not reliable

Lack of financial or policy incentives

Too much regulation

Lack of sustainable / reliable feedstocks

Logistics of supply-chains too complex

Prohibitive costs

Lack of knowledge and understanding of the impancts of biochar in soil

Negative public opinion

0% 20% 40% 60% 80% 100%
Proportion of UK respondents
M Significant M Not significant @ Don't know / not possible to know at present
Figure 10.10: What barriers do you think are potentially going to reduce the uptake of biochar as a

carbon storage tool in developing countries? (Significant = ‘Highly significant’ or ‘Slightly significant’,
Not significant — ‘Probably not significant’ or ‘Definitely not significant’)

Global accord, tough emission reduction targets (400ppmv CO2 in 2050)

Global accord, emission reduction targets (500ppmv CO2 in 2050)

No global accord, regional emission reduction targets (550ppmv CO2 in
2050)

No global accord, few regional targets, regional technology agreements (550-
650ppmv CO2 in 2050)

Failure to secure meaningful global treaty or technology agreements
(650ppmv CO2 in 2050)

Don't know

Other

0% 5% 10% 15% 20% 25% 30%
Proportion of UK respondents

Figure 10.11: What climate policy framework do you think will emerge over the next few years?
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Figure 10.12: Globally, how much carbon abatement from use of biochar in a sustainable way do you
think is credible by 20307
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10.7 Potential impacts of biochar on GHG fluxes in soil

Respondents were asked about two scenarios for adding biochar to a well-managed arable
crop in typical UK conditions: i) a single application of 30 t ha™'; and ii) a single application of
30 t ha™ followed-up by repeat applications at the rate of 30t ha™y™ for the next 10 y. Only
those who considered themselves to have more expertise have been used in this analysis.*

Figure 10.13 shows that about half of the respondents thought that there would be an
increase in crop yield in the year of a biochar application, and 40% an increase 5y after a
one-off application. However, about 10% thought crop yields might decrease following an
30 tha™ application. A high level of uncertainty was expressed; the 25% of the sample
selecting ‘don’t know / not enough information’ for the scenario with a one-off application
increased to nearly 50% for the tenth year of repeat application (the second scenario). This
likely reflects the general lack of experimental field data for the longer-term impacts on soil.

Respondents were also reasonably confident that biochar would improve water retention in
silty and sandy soils (60%), virtually no-one expressing the view that there it would decrease
(Figure 10.20). Opinion was split with respect to the impact of biochar on water retention in
clayey soils, some respondents believing that water retention would be increased, others
that it would be decreased (Figure 10.21). Uncertainty dominated the response to many
other questions on the indirect impacts of biochar, although positive effects were more
frequently expected. Level of uncertainty was higher for longer periods of biochar addition.

Regarding the impact on bio-availability of fertilisers (Figure 10.14) ‘don’t know / not enough
information’ was the most common response (40-60%). There was a perception that bio-
availability would improve as the time biochar had been in the soil increased, and likewise
for the impact of biochar on field operations (Figure 10.15). Figure 10.17 [should be Figure
10.18] shows that about 40% of respondents expected soil organic matter to increase with
biochar addition, and less than 10% considering that it would decrease. Figure 10.19
indicates a more mixed view about the impact of removing 75% of arable straw and returning
it to the soil as biochar. However the survey was limited in not defining a baseline and in not
asking respondents to explain why they considered repeat biochar applications would result
in more soil organic matter,. The respondents may have interpreted some of the questions in
this section in a different way to how has been intended. For example, opinion on methane
emissions avoided by diversion of decomposing plant residues (Figure 10.17) is hard to
interpret, as logically ongoing diversion should avoid CH, emission.

First year after single
application

Five years after one
application

Fifth year with annual
application

Tenth year with annual

applications
T T T I I
0% 20% 40% 60% 80% 100%
Proportion of respondents
B Increased yield B No change

Decreased yield Don't know / not enough information

Figure 10.13: What are the impacts of biochar on crop yield?

#2 Respondents who rated their level of expertise in answering the questions in this section as ‘very high’, ‘high’
or ‘medium’ were included. Those who rated their expertise as ‘low’, ‘very low’ or ‘no expertise’ were not included.
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First year after single
application

Five years after one
application

Fifth year with annual
application

Tenth year with annual

applications
| | |
0% 20% 40% 60% 80% 100%
Proportion of respondents
B Increased bio-availability B No change
Decreased bio-availability Don't know / not enough information

Figure 10.14: What are the impacts of biochar on fertiliser addition?

First year after single
application

Five years after one
application

Fifth year with annual
application

Tenth year with annual

applications
| | |
0% 20% 40% 60% 80% 100%
Proportion of respondents
B Increased intensity B No change

Decreased intensity Don't know / not enough information

Figure 10.15: What are the impacts of biochar on field operations?
Note: Fuel intensity is the quantity of diesel per hectare used by agricultural machinery
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B Increased emission H No change
Decreased emission Don't know / not enough information

Figure 10.16: What are the impacts of biochar on nitrous oxide emissions from soil to atmosphere?
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Figure 10.17: What are the impacts of biochar on methane emissions through reduced organic waste
made available for anaerobic respiration where crop residues are used to produce char?
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H Increased soil organic matter B No change
Decreased soil organic matter Don't know / not enough information

Figure 10.18: Assuming that soil organic matter (SOM) is in equilibrium, what would be the impact of
biochar on the existing SOM?

First year after single
application

Five years after one
application

Fifth year with annual
application

Tenth year with annual

applications
T T T I I
0% 20% 40% 60% 80% 100%
Proportion of respondents
M Increased soil organic matter B No change

Decreased crop soil organic matter Don't know / not enough information

Figure 10.19: What are the impacts of biochar on SOM under the following scenarios on arable land
in a closed system where 75% of residues are used to produce char for each application?
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Figure 10.20: What are the water storage properties of biochar in a sandy or silty soil?
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Figure 10.21: What are the water storage properties of biochar in a clayey soil?

10.8 The risks of the loss of carbon from biochar

Responses from those who considered themselves to have more expertise were analysed
for the potential risks cited for biochar being ineffective in CA due to loss of carbon (Figure
10.22)*°. Rapid loss of carbon in the highly labile biochar fraction was the main risk
identified, followed by hypothesised ‘priming’ of SOM loss. The most common response was
‘minimal’ to the five risks listed, except for the labile carbon fraction. In comparison to some
of the other questions, respondents were relatively certain about these issues with 17%
suggesting that not enough was known about some of these issues (‘Seepage 2’, n = 87).

10.9 Production factors

The production method can have an effect on the physical and chemical properties of
biochar according to the respondents (n = 47) who considered themselves to have expertise
in this area.?* There appeared to be a reasonably high level of certainty and consensus
(Figure 10.23) on the importance of residence time, temperature, production method and
feedstock. There was less consensus regarding the influence of pressure and particle size.

%8 Respondents who rated their level of expertise in answering the questions in this section as ‘very high’, ‘high’
or ‘medium’ were included. Those who rated their expertise as ‘low’, ‘very low’ or ‘no expertise’ were not included.
#* Respondents who rated their level of expertise in answering the questions in this section as ‘very high’, ‘high’
or ‘medium’ were included. Those who rated their expertise as ‘low’, ‘very low’ or ‘no expertise’ were not included.
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Large proportion of the labile fraction lost rapidly
Seepage (type 1) - abiotic (physical / chemical) breakdown
>75% biochar to CO2 within 100 yr
Seepage (type 2) - microbial
breakdown >75% biochar to CO2 within 100 yr

Net loss of carbon from soil organic matter (priming)

Biochar combustion in soil

0% 20% 40% 60% 80% 100%
Proportion of respondents

B Very serious risk B Moderate risk
Minimal risk No risk
B Not enough known to answer at present Don't know

Figure 10.22: What are the potential risks of biochar not being effective in terms of the loss of carbon
in the biochar?

Respondents also listed a number of other factors which would lead to a significant or slight
variation in the properties of the resultant biochar, including: the status of the feedstock
(moisture content, lignin content, granularity, age, residuals on the surface and micronutrient
content); the environment within the pyrolysis unit (amount of steam, gas flow, oxygen
content, catalysts used, etc.); technology required to meet emissions targets; the heating
and cooling rates and the method for cooling the biochar.

Pressure

Particle size
Residence time
Temperature
Production method

Feedstock

0% 20% 40% 60% 80% 100%
Proportion of respondents

m Significant variation m Slight variation = No variation ~ Don't know B Not enough known

Figure 10.23: What factors are most likely to influence, and to what extent, the properties which
biochar has?

10.10 Knowledge base

Respondents were asked to assess their expertise in each section of the survey (Figure
10.24). Those with a self-professed ‘very high’, ‘high’ or ‘moderate’ level of expertise
constituted between 39% (n = 118) and 70% (n=124) of the sample. The wider impacts of
biochar, e.g. on sustainable development, is an area where the respondents had less
expertise relative to the other categories.
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Proporties, costs and benefits of biochar
Risks of biochar
Biochar and greenhouse gas fluxes in soil

Biochar and sustainable development

|

1 |
T

0% 20% 40% 60% 80% 100%
Respondents

M Very high B High ' Moderate  Low HVery low = None

Figure 10.24: The level of expertise which the respondents felt they had after completing each section
of the questionnaire

We asked respondents about their sources of information on biochar (Figure 10.25). Peer-
reviewed journals form the basis of many of the opinions in the survey; however other
sources, including the International Biochar Initiative (IBl) website, are also used by
respondents. It is also interesting to note that, in addition to acknowledged scientific experts,
in particular Professor Johannes Lehmann of Cornell University, environmental campaigners
and environmental scientist ‘celebrities’ such as George Monbiot and James Lovelock have
also been widely read on the topic of biochar.

Number of respondents

IBI website*

Lehmann 2007b
Lehmann et al. 2006
Lehmann 2007a

Gaunt & Lehmann 2008
Monbiot 2009

Harvey 2009

Lovelock 2009

Lehmann & Joseph 2009
Lehmann et al. 2004
Glaser et al. 2002
Wardle et al. 2008

Sohi et al. 2009

Glaser 2007

Steiner 2007

Amonette et al. 2007
Yanai et al. 2007
Ernsting & Rughani 2008
Goodhall 2008

Read & Parshotam 2007
BBC 2002

None of the above

Figure 10.25: Which of the following have you read or watched?

* International Biochar Initiative (www.biochar-international.org)
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11 DEPLOYING BIOCHAR IN THE UNITED KINGDOM

This review has highlighted the many uncertainties which still surround the potential benefits
and risks of biochar. Clearly, further research is required to address more convincingly some
of these important questions. Furthermore, biochar will need to be fully appraised and
assessed alongside, and using similar quality and risk assessment protocol and criteria to,
other soil amendments such as composts from green waste and food wastes, anaerobic
digestate and sewage sludge, etc.

If the balance of emerging evidence suggests that biochar is both safe and likely to display
important benefits predicted by some climate and soil scientists, then detailed questions
about how it may be efficiently deployed will come to the forefront. Pending the outcome of
research efforts to establish its relevance this topic is briefly scoped in the UK context, and
drawing on the findings of earlier chapters.

11.1 Biochar has a high carbon abatement efficiency relative to other bioenergy
options

It is demonstrated in Chapter 8 that pyrolysis-biochar systems (PBS) could be highly
beneficial in carbon abatement efficiency terms. The PBS configurations explored here tend
to have a higher CAE than that offered by alternative uses of the same biomass in energy
generation. Expressed in terms of the weight of biomass, PBS increases the carbon
equivalent saving by ca. 60—80% compared with combustion. In terms of power production,
carbon equivalent emissions are avoided per unit electricity generated, compared with a
small emission associated with conventional bioelectricity generation. Expressed as carbon
emissions avoided per hectare, PBS performs well against other bioenergy options. The low
end of the PBS range in terms of avoided CO.eq ha™' y' is the top end of the range of UK
bioenergy options, those employing the most efficient conversion technologies such as
gasification and combined heat and power. For less efficient bioenergy conversion
technologies (such as straight combustion), the CO.eq ha™ y"' avoided emissions are well
below those of an equivalent-sized PBS operation — by five to ten times.

11.2 Is biochar carbon negative?

It has been claimed that biochar is unique in being ‘carbon negative’. From the LCA
undertaken here, the PBS are not carbon negative in a mass balance sense. The carbon
content of the feedstock is between 43-50%; hence it would be necessary for the carbon
equivalent abatement to be more than 1.58-1.84 tCO,eq t" o.d. for the PBS to be carbon
negative; whereas the abatement of the systems examined here is 1.0-1.4t CO,eqt” 0.d..
The PBS would be carbon negative if the carbon content of the biomass feedstock were
ignored, which is the current convention in the bioenergy field. However, this convention
assumes that there is an inevitable replacement of any removed biomass with biomass that
has exactly the same carbon uptake as that removed. A better approach would be to
account for carbon fluxes over a given land-area dedicated to a bioenergy or other crop over
the lifetime of the project and to subtract from that the overall CO, equivalent emissions
arising from the biomass conversion, whilst adding the fixed carbon stabilised in the biochar.
This would take account of greenhouse fluxes associated with land-conversion at the
beginning and end of the project, as well as yield and process changes.

11.3  The agronomic and other soil benefits of biochar are credible but not well
established in the UK context

In the UK context the key potential benefits that biochar might offer beyond carbon
sequestration are the mitigation of trace gas emissions from soil, pH modulation,
improvement of nitrogen use efficiency, and on irrigated land and certain sandy soils in low
rainfall areas, improved water use efficiency. As outlined in Chapter 4 these are conceivable
or probable effects that remain to be demonstrated. Improvement of soil quality, enhanced
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soil organic matter dynamics and associated soil structural improvement are uncertain, but
would be of key significance given the established value of organic matter to agricultural
enterprises. There is also uncertainty regarding potential risks and it will be necessary to
demonstrate that these are minimal and manageable.

11.4 The logistics of producing, storing, transporting and applying biochar in
agricultural systems requires much more innovation

There is very little practical experience at the present time of organising and managing the
production, distribution, storage and application of biochar onto land. If the quantities of
biochar to be applied in any one year are in the order of a few tonnes per hectare, it is likely
that existing storage facilities and equipment (e.g. lime spreaders, muck spreaders) would
be adequate. If large quantities of biochar are to be used - in the order of tens of tonnes per
hectare - then large dedicated storage facilities are likely to be required. The storage issue is
exacerbated by the lag that is likely between the availability of suitable biomass supplies
(mostly in late summer and autumn for virgin biomass feedstock) and the time period when
biochar can be safely added to soils (mostly spring and early autumn). Transporting large
amounts of feedstock from the source to a pyrolysis unit (PU), then from the unit to a storage
facility and, finally, back to a point of application will be expensive, result in CO, emissions
from diesel and increase traffic levels on roads, which is generally unpopular, especially in
rural areas. Transporting 3 Mt of biomass to produce 1 Mt biochar would involve about
220,000 lorry journeys (assuming the lorry has a capacity to convey 23 Mt biochar, and
assuming that biochar can all be back-transported in the truck that has delivered the
biomass). In some locales, this transport requirement may become a problem for PBS.
Dedicated storage facilities for biochar are an expensive option, whether on- or off-farm, and
innovation will be needed on alternative ways of storing biochar safely and effectively, for
example in appropriate containers at the field margin. Furthermore, for large-scale
deployment, it is likely that a specialised contractor would provide large-scale biochar
addition as an out-sourced service to a farmer, hence benefiting from more efficient
economies of scale and access to specialised application machinery. The ideal solution to
storage and transport issues is if the spatial and temporal separation between collection of
the feedstock and the production of biochar can be minimised.

115 Biochar is, currently, an expensive way of abating carbon, but the costs
would likely come down with investment

If biochar costs £100 t”, and assuming a CSF of 0.65, the cost of abating one tonne of
carbon in biochar is about £150, or £42 t' CO,. The theoretical market value of CO, in the
EU ETS is €40 t'CO,, so biochar at £100 t begins to look credible and competitive with
CO, capture and geological storage (CCS) and off-shore renewables. On the other hand, the
current market value of a tonne of CO, on the EU Emissions Trading Scheme (EU ETS) is
ca. €13 (November 2009); hence, there is, at present, a large disparity between the carbon
abatement cost through use of biochar and the market price of carbon on the EU ETS.
Clearly, at the current time, many PBS produce far more expensive biochar than this, though
some systems also produce much cheaper or even ‘free’ biochar (though producers might
begin to charge for feedstocks for which they currently pay a tipping fee, if biochar becomes
a product with an economic value). It is also likely that learning effects will bring down the
costs of producing biochar if companies begin to invest R&D resources into the technology
and logistics of transporting, storing and applying biochar to soils. The feedstock costs is one
of the key issues, however, and that is unlikely to decrease rapidly in the UK, though there
may be opportunities for long-term contracts at relatively low feedstock cost where high
variability in market prices occurs (e.g. for straw). The CSF is an area of uncertainty, and it
may be possible through judicious engineering of biochar to significantly increase the CSF. If
the CSF is 0.95, for example, then the cost of abating a tonne of CO, (produced at £100 per
tonne) would reduce to £29. A key finding from the study is that efficiency in terms of carbon
abatement does not readily translate into efficiency in economic terms. Note, however, that
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no agronomic or soil benefits have been included in this analysis. If such benefits occur, and
can be reliably estimated and included, then clearly the value of biochar will increase; and
the carbon abatement cost could be lower than €30-40 t'CO, — this is important given that
many experts are not confident that the carbon price on the EU ETS will increase to this
level in the near future.

11.6 How does biochar abatement compare to abatement from other parts of the
agricultural, forestry and land-use sectors?

Moran et al. (2008) undertook a study of marginal abatement costs (MACs) for the
Committee on Climate Change (CCC) in which the Central Feasible Potential abatement
from agriculture, land-use, land-use change and forestry (ALULUCF) by 2022 was
approximately 11 MtCO.eq (with maximum technical potential of 24 Mt CO.eq). This was
relative to 2005 emissions from these sectors of 45 Mt CO,eq. ADAS recently revised these
numbers downward to 5.2 MtCO,eq for a carbon price of £401tCO.eq (ADAS, 2009).
Meanwhile, in its 2009 Low Carbon Transition Plan, DECC has proposed that agriculture
should reduce its GHG emissions by 6% by 2020, which is approximately 3.0 MtCO.eq
(DECC, 2009). Biochar potentially offers a way in which abatement from ALULUCF could be
enhanced (though that part of the biochar CA from fossil fuel offsets would not be included
as arising from ALULUCF mitigation; rather, it would be accounted for via reduced fossil fuel
consumption in the energy sector).

11.7 How much biochar could be produced in the UK and how much carbon
abatement would this constitute?

A preliminary estimate is that the virgin and non-virgin biomass resources combined give the
following levels of CO,eq y "' abatement in the UK (Table 11.1).

Feedstock Abatement per annum Biochar produced per annum ('000 t) Applied land area ('000 ha)
availability (Mt CO»eq)
CO, C Virgin Non- virgin Total Scenario 30/1: Scenario 10/1:
biomass biomass  available for 30+t ha™ first year, 10tha™ first year,
resources resources  use on land then 11t ha' then 1tha™
(20 y horizon) (20 y horizon)
Lower resource 3.590 0.980 1019 0 1019 416 703
Higher resource 15.915 4.340 2547 1934 3514 1434 2423
High resource 21.867 5.960 3267 2902 4718 1926 3254

Table 11.1: Preliminary and provisional estimate of annual biochar production and carbon abatement
using three scenarios for virgin biomass feedstock and the resulting land-use implications

11.8 Can biochar from a non-virgin biomass resource be used on agricultural
land?

Some non-virgin biomass resources would generate biochar that may be suitable for
agricultural land. Some, in a non-pyrolysed form, are already used as an amendment on
agricultural land, e.g. sewage sludge, composted green waste and food waste and poultry
litter. Conversion of 50% of the non-virgin biomass identified in the feedstock table (which
already excludes many types of waste material) into biochar was assumed, and passing
regulatory requirements for incorporation into soils. This amounts to 2.77 Mt feedstock
(approximately 1 Mt  biochar) under the high resource scenario and 4.34 Mt
(approximately 1.5 Mt biochar) under the very high resource scenario.

11.9 How much land could be treated with biochar?

The percentage of different types of land that could be treated with biochar is shown in Table
11.2 under the three different scenarios, assuming a one-off 30 t ha-1 application. It can be
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seen that all potatoes and horticultural land could be treated under all three scenarios within
just over 5y. The choice would then be to apply biochar to arable land or grassland or to a
mixture of both. There is sufficient arable land to utilise all biochar produced under all
scenarios for 32y to over 130y (in the low supply scenario). Grassland has even more
capacity and could provide storage for 45-210 y biochar production at the same application
rate. Table 11.2 illustrates the point that land availability is unlikely to be a constraint to the
use of biochar (assuming the demand for deployment exists); availability of biochar and of
feedstock from which to produce biochar, as well as the cost, are likely to be much more
important constraints on deployment. An important constraint on where biochar is deployed
arises from the need not to deplete soils too rapidly of essential nutrients. Continuous
removal of straw for pyrolysis for example, with biochar applied to horticultural soils for
economic reasons, could result in the loss of nitrogen, phosphorus, potassium and other
nutrients that would have to be replaced through chemical input. Assuming straw was
previously not removed for a different purpose, SOC would also gradually decrease with the
lower returns to the soil and necessitate additions from other sources (such as compost) to
maintain aspects of soil performance that relate to soil organic matter content.

Crop type Current cropped Years of biochar application at 30 t ha™
area ( ha)‘ Lower biochar supply Higher biochar supply High biochar supply

scenario scenario scenario
Potatoes 144,000 4 1 1
Horticulture 170,000 4-9 1-3 1-2
Cereals 3,274,000 9-106 3-31 3-24
Other arable 1,152,000 107-134 32-42 25-32
Grassland <5y 1,141,000 or: 9.5-34 or: 3-13 or: 3-10
Grassland > 5y 6,036,000 then: 35-212 then: 14-66 then: 11-49
Total all types 11,917,000 351 102 76

Table 11.2: The number of years to deploy biochar at 30 t ha™ for different agricultural systems and
three biochar supply scenarios. Source: Chapter 7, https://statistics.defra.gov.uk/esg/quick/agri.asp

11.10 When would pyrolysis-biochar systems be available?

Given the need to establish biomass infrastructure and supply chains and to develop
appropriate pyrolysis technologies, it is difficult to envisage that biochar could be produced
on the scale implied by the higher and high resource scenarios before 2020. The biochar
production scenarios assume that a mixture of large-, medium- and small-scale units would
be employed and an estimate of the number of units that might be necessary is shown in
Table 11.3, assuming that between 22 and 27% of the available feedstock goes to small-
scale units and the rest to medium- and large-scale units.

Biochar production No. units by unit size (annual feedstock throughput)
scenario Small scale Medium scale Large scale

(< 2000ty (2000-25,000ty”")  (25,000-100,000ty™")
Lower resource 1100 33 8
Higher resource 5300 110 23
High resource 7500 251 29

Table 11.3: Estimate of the number of pyrolysis units, of different feedstock processing capacities,
that would be required to produce the volumes of biochar envisaged under three biomass supply
scenarios
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11.11  Supporting the front-runners: a credible strategy for initiating biochar
deployment in the UK

Biomass resources in the UK are increasingly sought for a range of uses, including
combustion, gasification, pyrolysis, composting and anaerobic digestion; hence, ‘spare’
biomass is likely to become increasingly scarce. Plans are already underway for more straw
and wood combustion plants, biomass gasification facilities and AD plants. Under the new
banding system of the Renewables Obligation, these units will attract either 1.5 or 2.0
Renewable Obligation Certificates (ROCs) MWh™; by contrast, biomass co-firing will only
attract 0.5 ROCs MWh™, and landfill gas only 0.25 ROCs MWh™. Most of these plans are
well ahead of PBS, which is still at the R&D stage. A few PBS ‘front-runners’ could be
identified quickly and implemented, so as to promote rapid learning and bring down carbon
abatement costs associated with PBS. A potential front-runner is arboricultural arisings with
a carbon abatement cost (t CO.eq) of £2-£46 (if produced at a large-scale, though an
additional feedstock would be required to support the requisite feedstock rate), or £88—
£115 1t CO.eq (if produced on a small or medium-scale). While potentially less desirable from
a regulatory perspective, non-virgin feedstocks are more attractive than most virgin
feedstocks from an economic perspective. The slow or intermediate pyrolysis of sewage
sludge is an obvious front-runner here (carbon abatement cost of £48-£76 t' CO.eq) and is
already attracting research and commercial interest.
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12 RESEARCH NEEDS

Biochar is a complex, multi-functional material that requires improved mechanistic
knowledge and understanding — of its production, properties, impacts, interactions, costs and
benefits. Without this mechanistic process understanding, it is difficult if not impossible to
predict and assess accurately the benefits of biochar for either greenhouse gas abatement
or for addition to the soil even with evidence from individual field trials.

Pilot production research facilities for biochar and bespoke biochar

What is the need? A range of technologies can be used that produce biochar as a by-
product — not only slow, intermediate and fast thermal pyrolysis, but also microwave-induced
pyrolysis, hydrothermal carbonisation and gasification. A strategic approach to producing,
testing and comparing biochar samples from these different technologies, under specific
reproducible conditions, would improve the evidence base. Facilities are needed to serve the
UK community researching biochar, focusing current and future effort away from charcoal
and toward biochar, produced from designated feedstocks under highly specified process
conditions.

Why? The engineering and technological challenges are intimately related to the bespoke
biochar concept — namely engineering biochar with specific and controlled properties,
designed for particular purposes (e.g. carbon abatement, short- and long-term agronomic
gain, waste management and pollution control, energy production, etc.) and contexts of
application (soil types, agricultural systems, other land-uses, etc.).

When? The need is urgent if biochar is to have a role in tackling climate change in the next
several decades, and necessary for any future soils application of biochar.

Resource implications: The resources required are reasonably large, but not large
compared to much technology-development since biochar can be produced at small-scales
using relatively straightforward equipment.

How well advanced is existing research? There is currently limited activity or capacity
anywhere in the world for technological evaluation of biochar production. Through judicious
investment, the UK could be amongst the leaders here.

Ability to address key questions: Once equipment is in place, it should be relatively
straightforward to address the key questions which arise, though some issues will inevitably
take time to answer.

Examples of key questions to address:

Recipes for producing bespoke biochar with specific properties and functions — acquiring
the technological know-how to produce biochar with defined properties based upon a
process understanding of production conditions.

Better understanding of the carbon and energy balance of alternative biochar production
technologies — as yet there is little consistent and high-quality data on pilot- and
commercial-scale pyrolysis (especially slow and intermediate) without which any
evaluation of biochar is impaired.

Better understanding of the superlabile, labile and stabilised components of biochar —
better knowledge of what influences the Carbon Stability Factor for biochar is required,
along with the effects in soil and field of labile versus stable carbon.

The predictability and certainty of the impacts of biochar

What is the need? If biochar is to be a commercial proposition, it will be necessary for
reliable predictive knowledge of its impacts in particular soil and agronomic contexts to be
well established (just as is the case for chemical fertilisers or pesticides). There is also need
for a practical and scaleable method by which the stable component of biochar can be
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established experimentally through acceleration of initial degradation, as well as for
examining the change that occurs soon after incorporation in soil.

Why? Only if the user is confident of positive and cost-effective benefits of biochar, when
applied at particular rates, will a biochar market emerge. If the purpose is solely carbon
storage, then the key issue will be long-term stability of the biochar.

When? For the purposes of carbon storage, urgent knowledge of long-term stability will be
necessary. Predictive knowledge of soil and plant impacts is necessary for development of a
market for biochar addition to land.

Resource implications: The resources required are moderate but progress is being held
back by lack of samples and equipment.

How well advanced is existing research? Evidence for the stability of charcoal in
agriculture and the wider environment has been inferred in detailed studies in the USA and
Australia. Work on the definition and stability of biochar is ongoing by established research
groups, and has been initiated in the UK, and elsewhere. Work on soil and plant effects is
well-established internationally (especially in the USA, Australia, Brazil and Japan).
However, this research is still in its infancy with no systematic effort, and although more
organised networks appear to be evolving, the opportunity exists for UK expertise to
contribute a focused and deterministic approach.

Ability to address key questions: In principle, it should be possible to address the stability
question relatively quickly. Addressing the soil and plant effects will be more complex and
time-consuming because of variability and complexity.

Examples of key questions to address:
These questions / topics can be addressed / answered fairly quickly.

Short- and long-term effects — separating out the long-term and short-term effects of
biochar by comparing the functions of fresh and artificially aged material

Available nutrients and contaminants — agreement on a methodology to quantify
"available" nutrients and contaminants in a biochar matrix.

Deployment equipment and appliances — Develop modifications of existing
agricultural equipment and implements so as to develop effective and efficient ways
of storing and deploying biochar in realistic farm-based scenarios.

Biochar in grassland systems — the potential to reduce methane emissions from
cattle, biochar as a slurry additive for odour control, etc.

Methodologies for evaluating the migration of biochar by movement through the soil
profile, wind-erosion, water-erosion, etc. — necessary for regulation and carbon
accounting.

Low-cost monitoring of biochar — Investigation of field spectroscopy and remote
sensing for the low-cost monitoring of biochar added to soil.

These questions / topics are more difficult, complex and/or simply time-consuming
and will take longer to address or answer

Nitrous oxide suppression — examination of the mechanism by which biochar at least
under certain conditions, can suppress nitrous oxide emission from soil

Field experimentation and ftrials strategy — Field experiments and trials that
encompass diverse rotations and systems (arable, horticulture and grassland) and
including feedstocks derived from (inter alia) agricultural residues.

The value of biochar-based soil management — Compare the likely value of biochar-
based soil management against the return that has been established for active use of
other organic resources in management of soil.
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Biochar for the control of diffuse pollution — More research on the ability of biochar to
reduce leaching from land (e.g. using buffer ditch experiments) or from other sources
(e.g. waterways, road surfaces).

Wider biochar sustainability Issues

What is the need? What are the wider impacts of biochar as a system, potentially
deployed at different scales and in different spatio-temporal and socio-economic contexts?
How can the biochar system be made sustainable?

Why? Pyrolysis biochar systems (PBS), or variants thereof, only make sense if they meet
minimum sustainability requirements (standard) and avoid incurring adverse environmental,
social or economic impacts. Sustainability appraisal methods can be utilised to ensure that
biochar at a system level ‘adds-up’

When? It is important to understand system level impacts as these help direct more basic
research and development, by identifying key sensitivities. It is necessary to evaluate
system-level effects prior to real-deployment to understand knock-on effects and potential
problems.

Resource Implications: The resources required are small compared to the technological
and basic scientific research and development required because equipment and
experimental costs are typically lower.

How well advanced is existing research? Although the UK has strong capabilities to
deliver on sustainability and systems research, activity in the USA is currently ahead.

Ability to Address Key Questions: Rapid progress can be made once resource is
available, though accuracy and precision is dependent upon the availability of new data from
technological and natural scientific R&D.

Examples of Key Questions to Address:

Better Life Cycle Assessments of pyrolysis-biochar systems — improved data across
the whole PBS supply-chain (from feedstock to field) and alternative biochar-
producing systems.

Better Techno-Economic Cost Modelling, using more accurate data and with an
improved representation of the key processes and stages, including production,
distribution, storage and deployment.

Better comparative analyses of biochar versus other resource-use options — need for
explicit and transparent comparisons using best-available data of the most effective
way of using and managing limited biomass resources for, e.g., bio-energy
generation, carbon / greenhouse gas abatement, sustainable soils and waste
management, and sustainable agri-food systems.

Assessment of land-use implications of biochar deployment — how biochar might
influence the competitive advantage of different crops and the knock-on impacts on
land-use decisions, supply and demand.
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