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nitrous oxide (N2O), among many others (Lehmann et al. 2006; Laird 2008;
Laird et al. 2009; Woolf et al. 2010, 2014,
2016; Lehmann and Joseph 2015; Jeffery
et al. 2015; Borchard et al. 2019). In addition to these climate-related benefits, the
deployment of biochar-based technology
can combat land degradation and improve
soil health (Spokas et al. 2012), reduce
nutrient leaching (Borchard et al. 2019),
increase water storage (Blanco-Canqui
2017; Kroeger et al. 2020), improve livestock health and productivity (Kammann
et al. 2017; Schmidt et al. 2019; Man et
al. 2020), enhance food security (Lal 2009,
2020) and decrease the risk of wildfire
(thereby improving forest health, air quality, and human health) (Pollet and Omi
2002; Sahoo et al. 2019; Sarauer et al.
2019; Sessions et al. 2019). Further, growing/harvesting the feedstock, converting
it to biochar and bioenergy, and applying
the biochar to cropped and forested lands,
can provide a strong boost to rural economies, particularly if ways can be found to
monetize the many indirect benefits listed
above. Recent economic analyses suggest
that deployment of a biochar/bioenergy
platform would be most successful in the
Southeast region of the United States
where crop yields would increase the most
and woody biomass is readily available (Li
et al. 2019; Dumortier et al. 2020).
The scientific literature reveals a wide
range in the estimated technical potential
of biochar as a CO2-drawdown strategy
(IPCC 2019). A large part of this variability stems from different assumptions
about the amount of biomass available.
Additional variability arises from consideration of (1) the different production
methods that can be used and the degree
to which the energy released during
production is captured and used to offset fossil-based sources, (2) the types and
qualities of biochar that can be made,
and (3) the biophysical responses of soils
and the cropping systems to which biochar is applied. An idea of the maximum

C-drawdown potential may be obtained
from the data of Woolf et al. (2010), who
estimated that, with annual conversion
of 2.3 Gt (2.5 × 109 tn) C in sustainably
procured biomass, 6.6 Gt CO2eq y–1 (7.3
× 109 tn CO2eq yr–1) in avoided emissions could be achieved at full production,
half of which are due to biochar-C
stored in soil. The maximum sustainable
C-drawdown potential of biochar technology thus is about 3.3 Gt CO2 y–1 (3.6
× 109 tn CO2 yr–1) and, over the course of
a century, could account for a third of the
1,000 Gt (1.1 × 1012 tn) CO2 that needs to
be removed from the atmosphere.
The exponential growth in the biochar
scientific literature (Wu et al. 2019) during the past two decades has expanded
our knowledge of the potential impact
of biochar on vegetative productivity and
mitigation of climate change. Nevertheless,
the fast pace of development, the diversity of feedstocks, biochar production
methods, and responses by agricultural,
horticultural, silvicultural and rangeland
systems, coupled with short funding cycles
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scientific consensus is building
that the drawdown of very large
amounts (at least 1,000 Gt [1.1 ×
1012 tn]) of carbon dioxide (CO2) from the
atmosphere will be needed to stabilize the
earth’s climate system at a safe temperature (Hansen et al. 2008; Cao and Caldeira
2010; IPCC 2018, 2019). The minimum
estimated cost of this drawdown is tens
of trillions of dollars over the course of a
century and ultimately will depend on the
total amount of fossil carbon (C) emitted
by humankind (emissions must be reduced
as quickly as possible to make any drawdown effective). The cost of drawdown,
while high, is a bargain when compared to
the cost of unabated climate change.
In response to this consensus, a variety
of CO2-drawdown approaches have been
suggested, including, among others, direct
air capture, afforestation and reforestation,
enhanced weathering of silicate minerals, changes in land management practices
to increase stocks of soil organic C, and
thermal conversion of biomass to bioenergy coupled with storage of the biochar
C formed in the process (Smith et al.
2015; Smith 2016). All these approaches
will be needed in a successful drawdown
effort. All will need the development of
policies to support their implementation.
Additionally, to reach their full potential,
all will require substantial funding for
research to resolve remaining technical
issues and explore deployment and drawdown synergies among them.
Here, we provide the rationale and
broad outline for a long-term integrated
research program that focuses on biochar, a relatively persistent solid form of C
produced by thermal conversion of biomass under low-oxygen (O2) conditions.
Biochar can be stored in a number of ways
to sequester the C (e.g., in concrete and
asphalt), but when added to soil it persists with a mean residence time measured
in centuries and may provide beneficial
services including enhanced vegetative
productivity and diminished emissions of
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Near-term stakeholder-focused
coordinated decision support

Mechanistic research

Systems research

Generate knowledge and data needed
to develop, calibrate, and validate
robust mechanistic models:
• Using a standardized feedstock
• With a wide variety of thermochemical
conversion approaches
• Across weather, soil, vegetative
conditions

Generate knowledge and data needed
to develop, calibrate, and validate robust
systems models:
• Using local feedstocks
• With specific thermochemical
conversion for solving a local problem
• Across the entire life cycle

categories would be accomplished by
developing, calibrating, and validating
robust predictive models. In addition to
improving fundamental models of pyrolysis and reactor design, this effort would
enhance the capacity of existing biochar
soil models to predict future behavior of
biochar-amended soils and would include,
as key output variables, measures of soil
health (e.g., soil organic C content and
stock, soil pH, water-holding capacity,
aggregation, water infiltration rate, and biological properties [Bünemann et al. 2018;
Lehmann et al. 2020]), biomass/cropping
yields, farm/ranch profitability, greenhouse
gas emissions, and losses of biochar due to
oxidation to CO2 and erosion.
The integrated research program we
propose would nominally involve as many
as 20 research sites. While the exact number and configuration of research sites
depend on a variety of factors, roughly a

third of them would focus on agronomic
cropping systems (dryland and irrigated), a
third on forest and rangeland systems, and
the remainder on compost and manure
management, horticulture, turf, urban, and
the built environment. One “site” would
perform the integrative modeling function
and thus would not necessarily be a single
geographic location.
Below we provide further details of
the experimental framework for the agronomic, forestry, and rangeland portions of
this program.
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Overview of the development pathway for biochar technology. The foundational role
played by the proposed long-term integrated research program is shown at bottom
in red.

Guidance

FOUNDATIONAL SCIENCE FOR
BIOCHAR IMPLEMENTATION
Several recent workshops have identified
biochar research and development priorities (Jeffery et al. 2015; Kammann et al.
2017; Tammeorg et al. 2017; Amonette
et al. forthcoming). The most recent of
these workshops (Amonette et al. forthcoming) recommended the creation of
a long-term coordinated research and
development program to provide the
foundational science needed to support three closely related efforts focused
on near-term technology development,
business support, and collaborative policy development. These efforts would be
guided by interactions with the public
and commercial sectors. We adopt this
overall framework (figure 1) and, following the approach suggested by Jeffery et al.
(2015), we suggest that the foundational
scientific research effort be organized
into the following two categories:
• Mechanistic research that focuses on the
fundamental processes controlling (1)
thermochemical conversion efficiency
and (2) biochar performance across a
variety of soils, plant communities, and
climatic zones using a standard set of
biochars representing common feedstocks and conversion processes.
• Systems-oriented research focused on
(1) testing of pilot-scale thermochemical conversion methods using local
feedstocks, (2) site-specific applications
of biochar coupled with measurement of relevant biophysical system
responses, and (3) the performance of
full life-cycle and techno-economic
analyses with the objective of refining
promising systems for production and
use of biochar in agriculture, forestry,
and horticulture within the region
where the site is located.
Consolidation and integration of information gathered under these two research

Figure 1
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nated approach, have left significant gaps
in this knowledge base. These knowledge
gaps have generated a need for coordinated, large-scale, regionally focused,
long-term studies of biochar production
and application to answer questions about
the technology’s cost and potential impact,
and to guide future development.

MECHANISTIC RESEARCH
This research would generate knowledge
and data needed to develop, calibrate, and
validate models that provide mechanistic
insights on thermochemical conversion
processes, as well as climate, soil, or management effects on biochar mineralization,
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exchange, plant growth, soil loss by
leaching and erosion);
• identify and parameterize the biophysical mechanisms responsible for these
correlations; and
• develop algorithms to represent these
mechanisms and the resulting response
functions and incorporate them into
soil biochar predictive models.
Because of the emphasis on developing
mechanistic insight, many of the experimental field plots can be smaller than
those in systems-oriented experiments.
Consequently, full use will be made of
small plots and core samples in addition
to the large field-scale plots needed to
assess plant responses. Plots on range sites
would be similar in size to the agronomic
plots, but forest plots might be larger,
depending on site characteristics. Ample
replication would be utilized to refine
response functions.
SYSTEMS-ORIENTED RESEARCH
This research would provide new knowledge to refine the most promising biochar
strategies in each of the site locations that
would contribute to farm and ranch productivity/profitability, greenhouse gas
reductions, atmospheric CO2 removal, and
other environmental objectives, including
but not limited to water and air quality.
Thermochemical Conversion Using
Local Feedstocks. For each site, local feedstocks would be used to make biochar by
the most appropriate production approach
(slow pyrolysis, fast pyrolysis, gasification, or a combination thereof). The main
point of these production tests would be
to establish the economic viability, energy
efficiency, C partitioning, and net emissions data needed to identify the best
method(s) for the feedstocks available in a
given region. The production equipment
would not necessarily be located at the
site from which the feedstock is obtained
or where the biochar is tested—it likely
would be more economical (for research
purposes) to have a few sites where all
biochar production is done, with transport of feedstock and biochar between
the regional sites where biochar testing
occurs. The criteria for siting the different
biomass-conversion technologies would
ensure that

• sufficient biochar from local feedstocks
is provided for regional experimentation and demonstration, and
• full engineering data on mass, economic, energy, and emission balances
for the systems analyses can be obtained.
Because the main purpose would be to
produce the biochar for field experiments
at a scale sufficient to provide reasonable
life-cycle assessments, pilot-scale facilities
(ca. 1 to 10 t d–1 [1.1 to 11 tn day–1) would
be used when possible. Large-scale wood
gasifiers used to generate bioenergy, however, are relatively common and currently
provide the majority of the biochar sold
in the United States. Consequently, one
of these full-scale facilities would be used
to produce a standard wood biochar made
from the same feedstock to help calibrate
results across the regional sites.
Site-Specific Measurement of Biophysical
System Responses. The systems-oriented
field experiments would explore interactions among biochar type, biochar
application rate, and fertilization rate
(as appropriate), and their impact on
vegetative productivity, environmental
parameters, and farm/ranch profitability,
for the ecosystem(s) at each site. These
experiments also would include studies that account for regional differences.
Examples include site-specific biochar
types, water regimes, application technologies, biochar-activation technologies,
and cropping systems. Experiment selection at each site would be determined by
local needs and expertise yet guided by the
underlying principles and measurement
regimes of the overall research program.
Full field-scale operations with farm or
forestry equipment would be utilized with
sufficient replication to allow unambiguous testing of the plant, environmental,
and economic responses at the scale of
implementation. As in the mechanistic
research, plots on range sites would be
similar in size to the agronomic plots, but
forest plots might be larger, depending on
site characteristics. Full randomization and
appropriate systems-level comparisons to
business-as-usual would be included.
Life-Cycle
and Techno-Economic
Assessments. The detailed, site-specific
knowledge and data generated during biochar-production activities and

JOURNAL OF SOIL AND WATER CONSERVATION

Copyright © 2021 Soil and Water Conservation Society. All rights reserved.
Journal of Soil and Water Conservation 76(1):24A-29A www.swcs.org

priming of soil organic C, plant growth,
and soil greenhouse gas emissions.
Thermochemical Conversion Efficiency.
Work on this topic would focus on the
fundamental aspects of pyrolysis and
gasification with an aim to improve
understanding of the interactions of
feedstock properties (type, particle size,
moisture content) and reactor conditions
(temperature, residence time, O2 levels) on
the relative proportions of biochar, bio-oil,
and syngas product streams. Mechanistic
descriptions of the fundamental phenomena occurring during pyrolysis (heat
transfer, mass transfer, chemical reactions,
and phase changes), how they interact, and
how they scale in going from single particles to full biorefineries would be a major
focus of this work (Pecha et al. 2019).
These descriptions would be incorporated
into process and techno-economic models
to help guide design of new, more-efficient biochar (and bioenergy) production
reactors and biorefineries.
Processes
Controlling
Biochar
Performance. Field experiments would
assess the performance of a standard set
of well-characterized biochars that would
be deployed at all study sites. A strategic
approach would be taken to utilize biochars produced by all the production
technologies that have broad applicability
(fast pyrolysis, slow pyrolysis, gasification)
in combination with major feedstocks
representing important biogeochemical
differences (ash composition and content,
lignin content, cellulose content). Thus,
a minimum of nine biochars representing the major feedstock types (e.g., wood,
straw, and manure) and production methods would be used. This standard set could
be expanded substantially by the addition
of biochars produced at different reaction
temperatures or activated by different processes after production.
The main thrusts of the mechanistic
field studies would be to
• identify broad cross-site correlations
among key site parameters (e.g., climate,
soil type, water regimes, application
technologies, and soil-management
regimes), key biochar chemical and
physical properties, and biochar performance in soils (e.g., greenhouse gas

field experimentation would be used to
develop, calibrate, and validate robust systems models that
• address biochar production issues as
well as soil-crop-climate-management-biochar interactions, and
• predict plant-response, environmental, and economic outcomes for specific
implementations of biochar technology
using full life-cycle and techno-economic
assessment approaches.
To achieve this goal, the systems-oriented
experiments would be designed to specifically address knowledge gaps that are
currently limiting these models.

Table 1
Summary of societal needs potentially addressed by biochar technology, current knowledge gaps, proposed research approach, and expected results.
Parameters

Values

Societal needs

Removal of ≥1,000 Gt carbon dioxide from the atmosphere
Revitalization of rural economies
Reduction in wildfire risk
Improved health of soils, forests, humans, livestock
Knowledge gaps
Long-term persistence of biochar carbon in soils
Long-term yield responses of vegetation to biochar amendments
Optimal biochar production methods
Impact of biochar on native carbon stocks in soil
Mechanisms responsible for biochar impact on soil greenhouse gas
		emissions
Variability associated with feedstock, climate, soil, water, management
Potential synergies with other negative emission technologies
Research approach
Long-term studies
Regionally focused (~20 field sites)
Cross-site mechanistic studies on biochar production and performance
Systems-oriented studies with local feedstocks, biochars, vegetation
Knowledge consolidation in pyrolysis, soil-biochar, life cycle assessments,
		 and techno-economic models
Expected results
Validation of biochar carbon drawdown potential
Identification of best biochar technology practices at regional level
Quantification of potential economic impacts of biochar technology
Firm scientific foundation for new industry
Education of students and bio-economy stakeholders
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address local problems and opportunities
for productive use of biochar. We propose
initiating field experiments in three stages
with each successive stage being informed
by interpretation of the results gained in the
previous stage. The data generated will be
consolidated in a suite of models that range
from fundamental pyrolysis-chemistry and
mechanistic soil-biochar models to more
systems-oriented plant-response models, and
life-cycle and techno-economic assessments.
Expected Results. Data produced by
this program will help define the best
approaches for making and using biochar
with respect to net economic returns,
economic impacts on rural communities,
and climate-change mitigation. We expect
the further improvement of site-specific
models of plant responses to biochar
amendments, based on the fundamental understanding of biochar production
and soil-biochar interactions, will significantly lower the economic risks associated
with implementation of biochar technology and increase the potential returns.
Furthermore, the understanding of how to
use biochar to reduce greenhouse gas emissions and increase soil C sequestration will
facilitate payments to land managers for
ecosystem services. These benefits should,
in turn, lead to more profitable ventures
for biochar producers, higher returns for
primary agricultural and silvicultural producers, and steady, long-term support for
rural economies. With respect to climate,
we expect the results of this program
will include a substantial improvement in
our ability to estimate the C-drawdown
potentials of the many possible implementations of biochar technology. These will
inform public and private policy, facilitate
monetization of climate benefits, and help
direct the appropriate level of resources to
development of the industry. The results
will also provide a foundation for exploration of potential synergetic interactions
of biochar with other land-based negativeemission technologies.
The program would make full use of
university, federal, state, local, and commercial expertise in a variety of technical
fields associated with biochar technology. Further, it would train a new cadre
of students, farmers, foresters, landscape
designers, and homeowners, among oth-
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PROGRAM SUMMARY, EXPECTED
RESULTS, AND ESTIMATED COST
The ambitious program of research we
have outlined above addresses several key
issues faced by humanity in the 21st century including climate change, economic
viability of rural communities, wildfire hazards, and the health of ecosystems, humans,
and livestock (table 1). Given the urgency
of the climate crisis, we contend that a
coordinated long-term multisite program

offers the fastest and most cost-effective
way to obtain the scientific, technical, and
economic knowledge needed to critically assess and guide implementation of
biochar technology. We need to optimize
biochar-production technologies, and to
develop a better understanding of the longevity of the full range of biochar types in
soil under widely varying environmental
and management conditions, and of the
long-term impact of biochar on vegetation composition and crop quality, native
soil organic C stocks, non-CO2 greenhouse gas emissions, and many other soil
processes. Variability associated with different feedstocks; soil types; and climate,
water, and management regimes often is
too high to allow accurate predictions of
biochar behavior and impact to be made
for specific locations.
Our approach (figure 2) involves the
coordination of research across about 20
field sites, which will allow for cross-site
mechanistic studies using standard biochars,
experimental protocols, and measurements
while at the same time giving flexibility
for companion systems-oriented studies to
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Figure 2
Concept of activities and information flow during proposed long-term integrated biochar research program. Details of Stages 2
and 3 are similar to those shown for Stage 1. "Expts" signifies experiments.

Research activities

Year 1
Startup

Mechanistic

Year 2

Prepare/characterize
standard feedstocks
and biochars

Fundamental
pyrolysis studies

Start Stage 1 expts:
33% of plot space

Stage 1
Stage 2

Design Stage 2 expts

Synthesis and
modeling

Design Stage 2 expts

Year 8

Start Stage 3 expts:
20% of plot space

Year 11+

10% of plot space
set aside for future
experiments

Maintenance

Stage 3

Results

Start Stage 2 expts:
33% of plot space
Iterative data
assessment,
synthesis, model
development, and
experimental design

CONCLUDING REMARKS
The time to define and implement solutions to address the peril of climate
change is now.We believe that investment
in this integrated long-term research program would, within a decade, resolve the
most important information needs with

Start Stage 3 expts:
33% of plot space

Improved pyrolysis, soilbiochar, plant-response, lifecycle, and techno-economic
models

Continued monitoring
and sampling for
decades

ers, to help tackle the major challenges
associated with mitigation and adaption to
climate change.
Estimated Cost. We estimate that the
program will have a total annual cost of
approximately US$150 million. Funding
would continue at this level for a decade,
during which time most of the short-term
questions related to biochar technology
could be answered; thereafter, funding
would decrease to the level required to
maintain sampling and analysis of the
long-term experiments into the future.

Exploration of
synergies with other
terrestrial negative
emission technologies

respect to the technology for biochar and
bioenergy production and the agronomic
and environmental impacts of biochar
use. This information is critically needed
by both private and governmental decision makers to ensure that deployment
will yield the maximum productivity,
economic, and environmental benefits.
Biochar and integrated biochar-bioenergy
production systems have the potential to
become a robust distributed industry supporting rural economies and an important
part of a broader portfolio of solutions to
climate change. All will be needed to meet
the challenge.
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