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Biomass is renewable, carbon (C)-rich organic matter 
derived from recently living plants and animals. Biochar 
is the C-rich solid produced by heating biomass under 
low-oxygen conditions to a temperature where its 
chemical structure transforms to a more stable form 
similar to that found in graphite (Figure 1.1). The 
conversion process spontaneously releases more energy 
than it consumes; this bioenergy can be used to 
generate electricity and as a source of heat. Like coal 
char (i.e., char made from coal, which is fossilized C-rich 
organic matter), biochar can be burned to generate 
energy, but this offers little or no benefit relative to 
burning the original biomass. Instead, biochar has 
greater value as an amendment to soil, to compost, and 
even to construction materials, where it can store C for 
long periods of time while providing other benefits 
specific to these applications [71]. By virtue of the large 
quantity of biomass available in agricultural and 
forestry residues, the generation of bioenergy during the 
conversion, and the enhanced stability of the C in 
biochar relative to the original biomass, large-scale 
conversion of biomass to biochar is considered an 

Figure 1.1. Biochar (right) is the carbon-rich solid produced by heating 
biomass (left) under low-oxygen conditions. (Photo: Biomacon) Biochar by the Numbers

In the 17 contiguous western states, about 94 Mt or 104 
MT (1 Mt = 1 million metric tonnes; 1 MT = 1 million tons) of 
biomass containing 42 Mt (46 MT) of C can be sustainably 
harvested each year from agricultural, forestry, and municipal 
residues [113]. Assuming a high but practical C-conversion 
efficiency of 49% and about 50 years to reach the maximum 
production rate [121], biochar containing 1,700 Mt (1,874 
MT) C could be produced over the course of a century. 
Addition of this biochar to cropped soils in the region would 
increase the soil C content in the plow layer by half (i.e., 
by 0.75% C after accounting for some loss of biochar to 
oxidation). Assuming biochar C behaves similarly to native 
soil C, the plant-available water storage capacity in these 
soils would increase by nearly 4 million acre-feet [78]. Use 
of the heat released during biochar production to generate 
electricity would yield 2,500 MW of power, support 250 
biomass power generation facilities distributed throughout 
the region, and account for 1.5% of the region’s electricity 
production. Taken over a century, the combined impact of 
biochar technology in the western United States could yield 
a climate offset of 9.2 Gt (10.1 GT) carbon dioxide equivalent 
(CO2e; 1 Gt = 1 billion metric tonnes; 1 GT = 1 billion tons). 
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important negative-emission technology that can help 
mitigate climate change [5, 25, 69, 79, 102, 121]. (See 
sidebar: “Biochar by the Numbers” on page 3.)

Over the last decade and a half, a number of 
major research efforts in the western U.S. and 
Pacific Northwest (PNW), and a diverse set of 
smaller efforts, have explored the potential for 
biomass conversion to biochar and bioenergy to 
improve forest and agricultural soil health and to 
draw down atmospheric C (See sidebar: “Biochar 
Research in the Pacific Northwest” on page 4). The 
U.S. biochar industry has been led by producers in 
the western U.S. since its inception [38, 48], and 
the PNW offers a particularly promising context 
for scaling up biochar production since the region 
has large quantities of potential feedstocks (e.g., 
forestry biomass, urban wood waste, crop residues) 
located in close proximity to large areas of diverse 
agricultural production with potential to support 
and benefit from biochar application. As of August 
2020, the biochar industry in the Pacific Coastal 
States included eleven suppliers in Oregon, nine 
in Washington and 25 in California, with much of 
the biochar produced as a byproduct of biomass to 
bioenergy plants. The region is also rich in industry 
and academic expertise and in the engagement of 
both government agencies and non-governmental 
organizations (NGOs). Interest in scaling up is 
widespread as indicated by the 2019 passage of 
a Senate Joint Memorial in Washington State 
(S-0339.1) in support of biochar research and use, 
only the second such memorial in the U.S. after a 
similar resolution was passed in Colorado in 2017 

(SJR17-002). In November 2020, the first C credits 
for biochar production in the U.S. were issued to a 
biochar supplier in California after a long cooper-
ative effort involving a local sawmill and support 
from regional, national, and international biochar 
industry organizations [87].

These strengths position the western U.S., and the 
PNW in particular, to fully develop biochar’s potential 
for climate change mitigation, forest health improve-
ment and wildfire risk reduction, soil health, and 
ecosystem services, and rural community revitaliza-
tion. While biochar production and use in the region 
has steadily gained momentum during the last decade, 
the industry has remained relatively small. Strategic 
investment will overcome existing barriers and 
magnify the value proposition, maximizing positive 
impacts for communities and ecological systems. 

BACKGROUND
In April 2020, forty biochar practitioners and research-
ers representing industry, academia, NGOs, and 
government participated in a virtual workshop to chart 
a roadmap for future development of biochar technol-
ogy in the PNW and beyond. Most of these individuals 
were from the western U.S., primarily Washington, 
Oregon, and California. The group met over several 
months to consider the exciting opportunities that 
conversion of biomass to biochar offers. They explored 
how biomass is harvested, converted to biochar, and 
applied, and where operational changes and funding 
could significantly magnify biochar’s contributions. 

Examples of Biochar Technology  
in the Pacific Northwest

Place-based biochar production: Small (usually less 
than 500 tons per year [TPY] woody biomass feedstock), 
labor-intensive manual operations with short distance 
transportation of biomass, biochar used on-site.

Moderate-scale biochar production: Temporary biochar 
production sites, often at forest landings, using skid-
mounted trailer- sized conversion systems (usually 1,000 
to 100,000 TPY woody biomass feedstock) and involving 
some transport of biomass (less than 50 miles).

Large-scale, centralized biochar production: Permanent 
biomass conversion facilities (usually greater than 100,000 TPY 
woody biomass feedstocks) often with bioenergy production, 
and one-way hauling distances less than 100 miles. 

Biochar integrated with municipal  
composting facilities: Production of biochar from woody 
biomass collected from solid waste and its use as a catalytic 
agent in composting of organic wastes. 

Biochar used in agricultural soils: Biochar produced at 
any scale from woody biomass, manures, and crop residues 
and usually used as a soil amendment. Agricultural uses 
represent an important market due to the large volumes 
and potential climate mitigation and soil health benefits. 

Biochar Research in the Pacific Northwest
Starting in 2007, the Washington State 
Department of Ecology funded a sus-
tained effort focused on the beneficial use 
of waste biomass to produce bioenergy 
and biochar [23, 24, 40-44, 47, 56]. Early 
work on biochar in Washington State was 
also supported by the Paul G. Allen Family 
Foundation as part of the Climate Friendly 
Farming Project [123]. Subsequently, USDA 
National Institute of Food & Agriculture 
funded the Northwest Advanced Renew-
ables Alliance for five years. The focus of 
this work was on the production of jet fuel 
from biomass, but several reports were 

generated on the availability of woody 
biomass from forest health and fire hazard 
reduction treatments [7] and mill residues 
[10] as well as on the conversion of a 
residual biomass waste product (lignin) 
to a form of biochar that could substitute 
for activated C [36]. Another major effort 
was a three-year project funded by the 
Biomass Research and Development 
Initiative (a collaboration between the 
U.S. Department of Energy and the 
USDA) called Waste to Wisdom. This 
project, which involved 16 organizations 
throughout the western U.S., focused 

on making better use of forest residues 
from harvesting and thinning operations 
by exploring new methods of feedstock 
development and biomass conversion 
in the context of rigorous sustainability 
analysis [52]. In addition to these large 
projects, many individuals, companies, 
and smaller research groups in the region 
have explored different feedstocks, 
equipment configurations, and biochar 
applications to address a wide diversity 
of issues associated with conversion of 
biomass to biochar and lay the foundation 
for a vibrant biochar-based economy. 
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(SJR17-002). In November 2020, the first C credits 
for biochar production in the U.S. were issued to a 
biochar supplier in California after a long cooper-
ative effort involving a local sawmill and support 
from regional, national, and international biochar 
industry organizations [87].

These strengths position the western U.S., and the 
PNW in particular, to fully develop biochar’s potential 
for climate change mitigation, forest health improve-
ment and wildfire risk reduction, soil health, and 
ecosystem services, and rural community revitaliza-
tion. While biochar production and use in the region 
has steadily gained momentum during the last decade, 
the industry has remained relatively small. Strategic 
investment will overcome existing barriers and 
magnify the value proposition, maximizing positive 
impacts for communities and ecological systems. 

BACKGROUND
In April 2020, forty biochar practitioners and research-
ers representing industry, academia, NGOs, and 
government participated in a virtual workshop to chart 
a roadmap for future development of biochar technol-
ogy in the PNW and beyond. Most of these individuals 
were from the western U.S., primarily Washington, 
Oregon, and California. The group met over several 
months to consider the exciting opportunities that 
conversion of biomass to biochar offers. They explored 
how biomass is harvested, converted to biochar, and 
applied, and where operational changes and funding 
could significantly magnify biochar’s contributions. 

Examples of Biochar Technology  
in the Pacific Northwest

Place-based biochar production: Small (usually less 
than 500 tons per year [TPY] woody biomass feedstock), 
labor-intensive manual operations with short distance 
transportation of biomass, biochar used on-site.

Moderate-scale biochar production: Temporary biochar 
production sites, often at forest landings, using skid-
mounted trailer- sized conversion systems (usually 1,000 
to 100,000 TPY woody biomass feedstock) and involving 
some transport of biomass (less than 50 miles).

Large-scale, centralized biochar production: Permanent 
biomass conversion facilities (usually greater than 100,000 TPY 
woody biomass feedstocks) often with bioenergy production, 
and one-way hauling distances less than 100 miles. 

Biochar integrated with municipal  
composting facilities: Production of biochar from woody 
biomass collected from solid waste and its use as a catalytic 
agent in composting of organic wastes. 

Biochar used in agricultural soils: Biochar produced at 
any scale from woody biomass, manures, and crop residues 
and usually used as a soil amendment. Agricultural uses 
represent an important market due to the large volumes 
and potential climate mitigation and soil health benefits. 

The main objectives of the workshop were to:

1. Explore five of the most promising contexts for 
biochar production and use in the Pacific Northwest, 
identifying current barriers and the most impactful 
strategies for moving each sector forward, and

2. Define strategic priorities for investors, philan-
thropists, policy makers and others looking to 
help transform biochar technology into a wide-
spread, effective method for addressing climate 
change while maximizing its beneficial impacts on 
managed ecosystems and rural communities.

This report summarizes the collective discussions 
related to these two objectives and provides a 
prioritized list of recommendations for investors, 
philanthropists, policy makers and others interested 
in helping the region maximize benefits from 
biochar production and application. While most 
of the authors of this document are grounded in 
the PNW and are familiar with biochar production 
and application in this regional context, many of 
the recommendations in this report are applicable 
elsewhere in the U.S and even globally.

The report contains three major sections: 

Section I (Chapters 1-3) summarizes the overarching 
workshop discussions, with a focus on Objective 2. 
In the remainder of Chapter 1, we describe the 
collective environmental and social motivation for 
this work. We also explain the need to capture value 
from biochar production systems in order to advance 
their development. Chapter 2 identifies the major 
challenges to development of the biomass-to-biochar 
supply chain, while Chapter 3 provides a set of 
recommended funding priorities for overcoming these 
challenges and capitalizing on current opportunities. 

Section II (Chapters 4-8) contains a detailed analysis 
of five representative examples of biochar production 
and use in the PNW, summarizing the group’s work 
on Objective 1 (see sidebar: “Examples of Biochar 
Technology in the Pacific Northwest” on page 5).

Section III provides supporting overviews on the 
topics of biomass supply (Chapter 9), biomass han-
dling (Chapter 10), biochar production (Chapter 11), 
and air pollutant emissions and air emissions permit-
ting for biochar production systems (Chapter 12). In 
these chapters, we also refer readers to more detailed 
references, where appropriate.

VISION AND POTENTIAL
Development of a robust biomass-to-biochar pathway 
offers a unique opportunity to simultaneously 
address four pressing societal and environmental 
needs: 1) Climate change mitigation; 2) Forest health 
improvement and wildfire risk reduction; 3) Soil health 
and ecosystem services; and 4) Rural community 
revitalization. Further development of the bio-
mass-to-biochar supply chain to realize these benefits 
depends on monetizing the value of these products 
or services while focusing on sustainable design and 
implementation of biochar systems.

Climate Change Mitigation
Climate change is one of the most pressing global chal-
lenges of our era. Negative consequences are already being 
felt across the globe. Our own region is no exception, 
with drought and wildfire being two dominant and 
closely related impacts [80]. The events of 2015 marked a 
dramatic turning point that provides a preview of future 
climate in the PNW [76 p. 1041]. After several years of 
drought, record low snowpack from warmer winter 
temperatures resulted in water scarcity during the summer 
months, affecting agriculture, hydropower, and recreation, 
and contributing to a then-record wildfire season, which 
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was subsequently eclipsed in dramatic fashion by the 
wildfires of 2020. Over the long term, warmer winters also 
help lay the groundwork for larger wildfires by increasing 
the risk of insect infestations that ultimately result in 
extensive tracts of dead, standing timber. 

Since 2015, the economic cost associated with the 
wildfires in Washington, Oregon, and California alone 
have totaled more than $60 billion, far exceeding the 
$40 billion cost of wildfires in the entire U.S. for the 
preceding 35 years [80]. The loss of life has been equally 
disastrous, with 209 lives lost in the fires in Washington, 
Oregon, and California since 2015 compared with 184 
lives lost nationally between 1980 and 2015 [80]. The 
effects of climate change are not felt equally by commu-
nities across the Northwest or nation, with low-income 
communities and those dependent on natural and 
cultural resources facing greater threat [76 p. 1062]. 
Without mitigation, these climate-related changes are 
expected to continue to impact the economy, health, 
and welfare of the region and the nation [76]. 

To mitigate these impacts, the scientific consensus 
calls for numerous strategies to reduce anthropogenic 
emissions and sequester or draw down atmospheric 
C [101, 102]. These strategies include, among others, 
direct air capture of carbon dioxide (CO2), afforestation 
and reforestation, enhanced weathering of silicate min-
erals, changes in land management to increase stocks 
of soil organic C, and thermal conversion of biomass 
to bioenergy with C capture and sequestration or with 
co-production and storage of biochar. Given the enormity 
of the task and the variety of situations, all these strategies 
will likely be needed. Biochar has been recognized by 
the Intergovernmental Panel on Climate Change 
(IPCC) for its potential to contribute significantly 
to C sequestration [85 p. 398]. In the report Getting 
to Neutral: Options for Negative Carbon Emissions in 
California, biochar is one of the five classes of promising 
negative emissions technologies evaluated with the 
goal of full deployment by 2045 [8]. Importantly, 
biochar technology offers the potential for widespread 
and relatively near-term deployment. 

The climate change mitigation potential of biochar 
technology depends on a number of factors, primarily 
the supply of biomass that is harvested, but also the 
fraction of the C in the original biomass that ends up in 
the biochar (i.e., the C efficiency), the alternative fate of 
the biomass C, the stability of the biochar after conver-
sion, the native fertility of the soils to which biochar is 

1 “Bone dry” and “oven dry” are both units used for biomass and are essentially interchangeable. Here we opt to use bone dry and abbreviate as BD.

2 In this report we provide values in both metric tonnes (1,000 kg; 2,204.6 lbs) and U.S. tons, as both units appear in the biochar literature.

3 Which is equal to $83 per tonne [$75 per ton] C, or $23 per tonne [$21 per ton] CO2e

applied, and whether the heat generated is used to offset 
fossil-C sources of energy (and if so, the carbon intensity 
of the existing energy supply) [25, 121].

The amount of biomass available for conversion to 
biochar and bioenergy is bracketed by two numbers. The 
larger of these is the technical potential, which is the 
amount of biomass that could be harvested sustainably 
regardless of the cost of doing so. The smaller number is 
the economic potential, which is the amount that can be 
harvested sustainably and profitably at a given market 
price for biomass (Figure 1.2). Due, in part, to whether and 
how sustainability guidelines and economic costs are 
considered, estimates of available biomass vary widely 
and are not without controversy [25]. In Figure 1.2 we 
show estimates for the harvest of biomass from 
agricultural, forestry, and municipal waste streams in 17 
western U.S. states that were generated by the 2016 Billion 
Ton Report [113] using strict sustainability guidelines 
coupled with economic considerations assuming biomass 
market prices between $33 and $110 per bone dry1 (BD) 
tonne2 (between $30 and $100 per BD ton). Agricultural 
residues account for most of the available biomass 
(between 62% and 86%), followed by forestry residues 
(between 11% and 35%), and finally wood harvested 
from municipal solid waste (between 0% and 3.5%). The 
estimated total technical potential is 94 Mt (104 MT) of 
dry biomass (42 Mt [46 MT] of C) and is reached at market 
biomass prices above $80 per BD tonne ($73 per BD ton). 
At the current biomass market price (ca. $35 per BD tonne 
or $32 per BD ton, [114]), the estimated economic 
potential is about 20 Mt (22 MT) of dry biomass (9 Mt [10 
MT] of C). Price support at $40 per BD tonne ($36 per BD 
ton) biomass3 for C sequestration by biochar could 

Figure 1.2. Estimated available biomass for 2021-2030 from agricultural, 
forestry, and municipal sources in 17 Western States at different market prices 
[113]. Current biomass market price for forestry residues is about $35 per bone 
dry tonne [114]. Technical potential is reached at about $80 per bone dry tonne.
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Figure 1.3. Biomass One in Medford, Oregon is a biomass power plant generating 32.5 megawatt electrical (MWe) (28.5 MWe goes to the grid). This plant 
consumes 200,000 tons per year of dry biomass and can recover 50,000 cubic yards of biochar annually (Photo: Karl Strahl)

increase biomass harvest several fold. An increase in the 
market price of just $6.25 per BD tonne ($5.67 per BD ton) 
biomass to $41.25 per BD tonne ($37.41 per BD ton)4 
could double the economic potential.

Biochar production systems vary substantially [40, 
128] and, as a result, their climate impacts also vary. 
Key considerations include the C efficiency of the 
biomass transformation, the emissions of greenhouse 
gases (GHGs) and particulates during the process, and 
whether the heat generated replaces fossil-C sources 
of energy. During biochar production, the highest 
C efficiencies of 30% to 55% are seen with slow 
pyrolysis5. Combustion, on the other hand, typically 
yields C efficiencies below 3% but releases three times 
as much heat that, if captured, can be used to generate 
electricity and for other purposes. 

Biochar production technologies with higher C 
efficiencies, by definition, have lower emissions. 
These emissions, however, will vary in their content 
of methane (CH4) and soot, both of which have more 
powerful impacts on the climate than CO2. The main 
goal, then, is to eliminate emissions of CH4 and soot 
during production, leaving CO2 as the only GHG 
emitted. Methods to complete the conversion of CH4 
and soot to CO2 before release to the atmosphere have 

4 Which is equal to an increase of $13 per tonne [$12 per ton] C, or $3.50 per tonne [$3.17 per ton] CO2e

5 Pyrolysis is a thermal decomposition process in the absence of oxygen that separates components of biomass into gases, liquids, oxygenated compounds, and 
solids. Slow pyrolysis is a form of pyrolysis characterized by heating of biomass at a slow rate (around 5-7 °C per minute). See Chapter 11: Biochar Production.

been developed. These methods typically involve 
some form of post-pyrolysis combustion process such 
as funneling gases through an afterburner, re-injection 
of gases into the pyrolysis system, or harnessing 
natural convection processes to create a combustion 
zone above the pyrolysis zone as in flame-cap kilns 
and conservation burn piles.

Co-generation of electrical power and other uses of 
the heat released during biochar production make 
eminent sense from a climate-change mitigation 
perspective but are not always economical, particu-
larly in areas with inexpensive hydropower, such as 
the PNW. Due to the capital costs involved, successful 
implementation usually occurs with large, centralized 
facilities (typically 20 MW capacity or larger) having 
easy access to the electrical grid and a stable supply of 
biomass within a 50-mile economical transportation 
range (Figure 1.3; see Chapter 6: Centralized Biochar 
Production Facilities). Smaller combined-heat-and-bio-
char systems for use with schools and light industry 
are practical in many instances. The climate impact of 
these applications depends on the fossil-C intensity of 
the energy supply that they replace. Supplanting elec-
tricity generated by coal will have a large beneficial 
impact whereas little or no benefit would be obtained 
by replacing solar, wind, or nuclear power.
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Once biochar is made, it needs to be stored in a location 
where it will not release C to the atmosphere rapidly—
ideally, release rates of less than 10% per century are 
desired. Biochar can be added to construction materials 
such as asphalt, where it replaces some of the fossil C, 
or concrete, where it replaces some of the aggregate, 
and in both of these instances it can improve the 
mechanical properties of the materials [1, 26, 29, 50, 
115, 124, 126]. The most common storage location for 
biochar, however, is in soil, which already contains an 
enormous amount of C—an estimated 1,500 gigatonne 
(Gt; 1 billion metric tonnes) (1,650 GT; 1 billion tons) 
of soil organic C is stored in the top meter of soils [9, 
97], compared to roughly 270 Gt (298 GT) C stored in 
standing forest stocks globally [33] and 885 Gt (976 GT) 
C currently present as CO2 in the atmosphere [82]. 

Biochar’s unique structure resists biological and chem-
ical degradation. Thus, biochar persists in the soil for 
hundreds to thousands of years, much longer than the 
original feedstock [71]. The C sequestration potential 
is greater in temperate climates than in tropical ones, 
with C stability depending on biochar properties and 
soil characteristics as well as climate [85]. In many 
instances, biochar application enhances native soil C 
stocks through “negative priming” in which labile C 
forms complexes involving the biochar and mineral 
soil particles (See sidebar: “Biochar’s Impact on Native 
Soil Carbon Stocks” on page 8). “Positive priming,” 
where application of biochar enhances mineralization 
(loss) of existing soil organic C stocks, has been 
reported in some cases [85], but this effect seems to be 
temporary and, over the long term, shifts to negative 
priming [11, 12, 28, 54, 66, 99, 129].

Adding biochar, particularly to highly weathered soils, 
acidic soils, and sandy soils, can have beneficial effects 
on plant growth [27, 61, 64]. Highly weathered soils 
benefit from the increase in nutrient-retention capacity 
offered by the large surface area of biochar. Acidic soils 
benefit from the highly basic nature of many biochars, 
which act similarly to lime. Sandy soils benefit from sig-
nificant increases in water-holding capacity (as well as 
nutrient-retention capacity). Biochar amendments thus 
offer a way of restoring degraded lands by improving 
their fertility. Increased productivity, in turn, provides a 
positive feedback loop by generating more biomass that 
can be converted to biochar.

Life cycle assessments (LCAs) of the climate mitigation 
impact of biochar technology consider biomass sourc-
ing, transport and processing, biochar production, 
transport and application, fossil-fuel offsets resulting 
from energy produced and captured during biochar 
production, and the subsequent impact of biochar on 
plant growth and C stocks after application to soil. To 

quantify the net climate impact, however, a compa-
rable set of emissions associated with the alternative 
fate of the biomass feedstock (e.g., natural decay, 
wildfire, land filling, etc.) also needs to be considered. 
At any point in time, subtraction of the cumulative 
alternative emissions from the cumulative bio-
char-technology emissions provides the net climate 
impact. When the emissions by biochar are lower than 
the alternative biomass pathway, the net emission are 
less than zero and the result is termed “C negative.” 
In general, LCAs have indicated that biochar has a 
net climate impact of about -0.4 to -1.2 tonnes of CO2 
equivalents per tonne of bone dry feedstock (t CO2e 
BD tonne–1), meaning that the climate impact is 
beneficial (resulting in less CO2 in the atmosphere). 
Increases in net emissions are possible with biochar, 
however, when purpose-grown feedstock is used and 
indirect land use change is included [25, 94, 95].

Because the impact of GHGs changes with time due to 
their different atmospheric residence times relative to 
CO2, the climate impact will also change depending 
on the period being considered. A time-sensitive LCA 
approach fully captures this dynamic as shown in a 
hypothetical example for biochar and two alternative 

Biochar’s Impact on  
Native Soil Carbon Stocks

Over the past decade, a significant body of work has been 
devoted to the question of how biochar amendments affect 
the native organic C (SOC) stocks in soils. Most of this work 
involved laboratory incubations for a few weeks to a few 
years and led to a consensus that during the early stages after 
biochar amendment a net loss of SOC can occur, and that loss 
certainly occurs after addition of fresh organic matter with 
the biochar. Thereafter, the observed net change in SOC in 
the laboratory studies is either neutral or negative, meaning 
that, over the long run, biochar amendments either have no 
impact on SOC or they actively promote SOC accumulation. 

For century-scale estimates of the changes in SOC, one 
modeling study [122] and three natural-analog studies [12, 
54, 66] at abandoned charcoal production sites in Europe 
provide consistent estimates of the degree of SOC accumu-
lation that can be expected. The results suggest that, over 
a century or more, on the order of a 30% to 60% increase 
in SOC occurs in sub-humid temperate-zone soils to which 
biochar has been applied. Field studies in similar soils in the 
U.S. [11] and Australia [100, 119] show rapid accumulation 
during the first decade followed by slower accumulation as 
a new equilibrium is reached. These long-term studies sow 
optimism regarding the ability of biochar to increase native 
SOC stocks but require further research to confirm. 
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biomass fates (Figure 1.4). In the top panel, total GHG 
emissions per unit of biomass C are shown for each 
of the three biomass pathways. The bottom panel 
shows the net GHG emissions for biochar relative to 
the alternative biomass pathways. In this hypothetical 
example, when biochar is compared to wildfire, it is 
always C negative. When it is compared with biomass 
decay, on the other hand, the emissions from biochar 
production exceed those of biomass decay for a short 
period. Eventually, cumulative emissions from biomass 
decay exceed those from biochar production and the 
net GHG emissions fall into the C-negative region. The 
period between biochar production and achievement 
of C negativity is termed the C-payback period.

The overall climate-mitigation impact is thus tied 
strongly to the sustainability of the harvesting 
practices and the ultimate fate of any products. When 
biochar is made from biomass waste byproducts – such 
as lumber mill wastes, forest management byproducts, 
defensible space clearing (for wildfire risk reduction), 
orchard and vineyard prunings, food-processing 
waste such as fruit and nut pits and shells, urban or 
suburban yard wastes, and livestock manure—the 
utilization for energy and biochar can be C negative 
(Figure 1.4). Compared to baseline disposal through 
on-site open burning or spreading of wood chips, 
production of biochar and bioenergy by modern 
low-emission facilities yields significant climate bene-
fits resulting from: (a) the displacement of the need for 
the combustion of fossil fuels for comparable energy 
production, and (b) the avoidance of the disposal of 
the biomass wastes through either open-pile burning, 
or in-field decay and decomposition, either of which 
may release significant amounts of CH4.

On average, using biomass to make biochar has a larger 
potential to mitigate climate change than combusting 
the same biomass for bioenergy because it sequesters 
C belowground, stimulates crop productivity, and 
reduces or avoids GHG emissions by soils [121]. This 
advantage for biochar is particularly true in areas such 
as the PNW that rely primarily on hydropower, a low-C 
energy source [2]. Bioenergy, however, has a greater 
climate change mitigation potential in some areas 
where coal dominates energy production and the crops 
do not respond to biochar amendments due to high 
soil-fertility levels. In the future, as the C-intensity of 
the energy supply decreases, the climate-mitigation 
potentials of both biochar and bioenergy will decrease, 
but that of bioenergy will decrease about 2.5 times 
more rapidly than biochar [121].

With respect to the global climate mitigation impact 
of biochar production, several detailed estimates of 
the biochar technical potential that invoke strong 

sustainability criteria to determine the available 
biomass supply were provided by Woolf et al. [121]. 
The lowest of these estimates, which represented the 
available biomass with little change from current 
practices or technology, was about 3.7 Gt (4.1 GT) 
of CO2e per year. The highest, which was termed the 
“maximum sustainable technical potential,” was 6.6 
Gt (7.3 GT) of CO2e per year. These estimates covered 
the range of 7% to 12% of the global anthropogenic 
emissions in 2012 and are probably about twice as large 
as the corresponding economic potentials. Biochar 
technology thus can be a critical strategy for mitigating 
climate change alongside other strategies. Meanwhile, 
it offers the potential for many other beneficial impacts 
on specific sites and communities where it is used.

Figure 1.4. Two stages in a hypothetical time-sensitive LCA of biochar technology. 
(Top) Total GHG emissions of biochar and two alternative fates of the same woody 
biomass feedstock (decay in place and wildfire). (Bottom) Net GHG emissions of 
the biochar approach relative to biomass decay and to wildfire. The C-payback 
period is the period during which biochar technology has higher cumulative GHG 
emissions than the biomass-decay option.
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Wildfire Risk Reduction  
and Forest Health Improvement
In western U.S. forests, fire suppression and changes 
in forest management have resulted in heavily 
stocked forests that are at higher risk of damage by 
disease, insects, and high temperature wildfire – and 
of reduced ecosystem resilience in the face of climate 
change [55, 117 p. 22-31]. More frequent wildfires 
and resulting poor air quality are expected to increase 
respiratory illness in the coming decades [83 p. 519]. 
Fine particulate matter due to 2020 wildfires been 
linked to increases in COVID-19 cases [127]. Oregon, 
Washington, and California are among the top 10 
states for the number of properties at high risk due 
to wildfires [116] and were states that experienced 
devastating wildfires in 2020 (Figure 1.5).

Practices aimed at reducing wildfire risk include 
removal of woody biomass from areas surrounding 
structures and thinning stands with unnaturally high 
density resulting from fire suppression. Haugo et al. 
[53] estimate that a change in forest structure is needed 
in approximately 40% of the forested area in Oregon 
and Washington with thinning or controlled (low-se-
verity) burns as the most commonly needed treatment. 
Thinning forests results in large quantities of low-value 
forest biomass (Figure 1.6). In the 17 contiguous 
western states of the U.S., up to 32 million BD tonnes 
(35 million BD tons) of forest waste and residues could 
be sustainably produced each year from thinning and 
normal tree-harvesting operations [113; Figure 1.7].

When harvesting and thinning operations occur, the 
resulting forest waste and residues are typically burned 
in slash piles (Figure 1.8), a practice that vaporizes 
nutrients, generates air pollutants [18], alters soil 

properties [19], and forms scars on the landscape that 
are prone to exotic plant invasion [65]. Embers from 
slash pile burns can cause causes hundreds of wildfires 
each year across the western U.S. 

While thinning and controlled burns have ecological 
and social value, they are expensive and difficult to 
implement on a large scale. The commercialization of 
biochar from forest residuals could lower the cost of 
wildfire risk-reduction treatments, making it possible 
to treat more acres with scarce public funding and 
maximize benefits to air quality and public safety. 

Meanwhile, producing biochar from this low-value 
woody biomass instead of burning it could benefit 
forest ecosystems. The biochar could be used on-site to 
improve forest soils, increase nutrient retention, and 
mitigate compacted soils, erosion, and revegetation 
challenges created by forestry activities. It could 
also be exported for application to agricultural soils, 
reclaimed mine-land soils, or other purposes. Thus, 
biochar technology could significantly increase the 
air quality and decrease the associated health issues 
stemming from pile-burning in the PNW [92].

The climate impact of addressing forest-health issues 
with biochar production could be significant. Amonette 
[4] estimated available biomass, biochar production, 
and CO2 drawdown potential for six forest harvest 
scenarios in Washington State. Depending on scenario, 
5 to 8.5 million BD tonnes (5.5 to 9.4 million BD tons) 
of biomass was available for biochar production at 
centralized facilities yielding 100 to 340 Mt (110 to 375 
MT) of biochar C production and 450 to 1,400 Mt (496 
to 1,544 MT) CO2e offsets over 100 years. When on-site 
production at the forest landing was included, these 
values doubled. Applying the same approach here to 

Figure 1.5. Smoke and fires in the western U.S. visible from space on 
September 9, 2020. (Photo: rammb.cira.colostate.edu NOAA Satellites and 
Information)

Figure 1.6. Slash pile resulting from fuel reduction treatment near Flagstaff, 
Arizona. (Photo: Han-Sup Han)
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Figure 1.7. Logs and slash piled near Flagstaff, Arizona covering four acres at 
a depth of approximately 20 feet. This pile was assembled but never taken off-
site due to the lack of forest products manufacturing facilities nearby and was 
subsequently consumed in the 2019 Museum Fire. (Photo: Markit! Forestry)

the 32 million BD tonnes (35 million BD tons) of forest 
biomass potentially available to centralized facilities in 
the 17 western states [113], suggests that 620 Mt (684 
MT) biochar C and 2,400 Mt (2,646 MT) CO2e offsets6 
could be generated over 100 years. 

While this report is focused primarily on forestry 
residues due to the large potential for biomass 
contribution from states like Washington and Oregon, 
agricultural residues also provide a large source of 
feedstock for biochar systems, as much as 58 million 
BD tonnes (64 million BD tons) in the 17 western 
states. Burning of agricultural residues is less common 
now than it was historically, but where burning is used 
it can have negative air quality impacts, impacting 
human health. The dry organic fraction of municipal 
solid waste (e.g., waste wood) provides another 
source of feedstock (as much as 3.3 million BD tonnes 
[3.6 million BD tons] in the 17 western states). When 
used to manage municipal solid wastes, biochar 
production could re-capture the C value of these 
wastes and reduce the negative impacts of landfilling.

Soil Health and Ecosystem Services 
Biochar can help avoid, reduce, and reverse land 
degradation—a condition that afflicts over a quarter of 
Earth’s ice-free land [63, 85]. Due to its high porosity, 
extraordinary surface area, and surface-active proper-
ties, biochar has been applied to restore soil chemical, 
biological, and physical properties of agricultural, 

6 The offsets for the 17 western states are higher in proportion to the biochar C generated than for Washington State because they have a 50% higher 
average fossil-C intensity of their energy supply.

Figure 1.8. Burning in a biochar kiln instead of a standard burn pile converts as much as half of the C in wood waste into biochar. Biochar lasts for hundreds to 
thousands of years in soil, benefiting forest health and sequestering C. (Figure adapted from CalFire)
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rangeland and forestry soils that have been degraded 
from overuse, mismanagement, or natural disasters [6,  
84]. It has also been used for remediation of severely 
degraded soils associated with abandoned mine land 
and drilling sites.

Biochar application has been studied most 
extensively in agricultural soils, where improvements 
in soil and ecosystem health are usually seen [64, 
73, 74,  Figure 1.9]. In general, biochar amendments 
to soil increase nutrient availability [62], enhance 
microbial activity [35 ,49, 108], decrease nutrient 
losses by leaching [13, 57, 67, 105], and minimize 
off-site movement of pesticides [46, 51, 73]. 
Mechanisms responsible for these observed outcomes 
include decreases in bulk density, and increases in 
soil pH, cation-exchange capacity [67, 107], porosity, 
water-holding capacity [3, 30, 75, 86, 93, 125], 
and aggregation [15]. Over the long term, biochar 
amendments increase active (labile) soil organic 
matter [11, 12, 54, 66, 119], which helps stabilize the 
granular structure of the soil [110, 118] and thereby 
improve tilth (the physical condition of soil). 

These generalizations aside, the specific effect of 
biochar applications on soil health depends on the 
characteristics of the biochar, which are impacted by 
feedstock and production process [59], and on the soil 
type, with nutrient-poor soils showing the greatest 
improvements [27, 32, 61]. Several studies [31, 37, 60] 
have also indicated potential for biochar to increase 
plant resistance to biotic and abiotic stresses through 
mechanisms shown in Figure 1.10, but this depends 
strongly on the biochar-soil-crop system. One can thus 
imagine instances, such as the application of a high pH 
biochar to a high pH soil, where application of biochar 
would lead to a decline in soil health, at least in the 
short run. Consequently, to ensure optimal results, 
application decisions need to be based on accurate 
characterization of the biochar and the soil with 
consideration given to the type of vegetation involved.

Soil health improvements, ideally, result in crop 
yield improvements. A wide range of impacts from 
decreased yield to increased yield have been reported 
in the literature, resulting from the wide variety in 
feedstocks, production and post-production methods 
used, and crops and soils to which resulting biochar 
is applied [27, 32, 61, 106]. Yield improvements from 
biochar tend to be more likely in nutrient-poor soils 
with more modest gains in nutrient-rich soils. Since the 
economics of biochar are marginal and are often tied 
to assumptions regarding duration of yield benefits, 
a better understanding of the dynamics at play could 
significantly improve ability to target applications 

of specific biochars to situations that offer the best 
potential for return on investment [27, 32, 61, 106]. 

Recently, growing regional, national, and global inter-
est in “regenerative agriculture” has sparked interest 
in the role that biochar (along with reduced tillage, 
cover cropping, amendments, and other agricultural 
practices) can play in revitalizing soil health and 
building stores of C in agricultural topsoil that has 

Figure 1.9. Biochar amendment can provide a host of benefits to soil. 
(Photo: Brennan Pecha)

Figure 1.10. Model of how biochar affects soil, plants, and soil-plant 
interactions under stressed conditions (Source: Gang 2018 [39])
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been degraded over time [14, 20, 34, 68, 103]. Biochar 
can contribute to current efforts to improve soil health 
by public and private organizations (e.g., Soil Health 
Institute, Soil Health Partnership, USDA, NRCS, The 
Nature Conservancy). And biochar can contribute to 
other ecosystem services in agricultural systems, such as 
by retaining nutrients in soil, thereby reducing nutrient 
pollution, and protecting waterways. As an indication 
of the level of interest in biochar, more than 100 
innovative western U.S. farmers volunteered acreage on 
their farms for a U.S. Biochar Initiative (USBI) proposal 
to demonstrate and monitor biochar use following 
release of a new NRCS Conservation Practice Standard 
for soil carbon amendments [77, 111]. 

Biochar can benefit forest soils as well. Application 
of biochar to forest soils generally enhances soil 
chemical, physical, and microbial properties [72]. A 
recent meta-analysis found that biochar application to 
woody plants could result in an average 41% increase 
in biomass, with most pronounced results in early 
growth stages [109]. Though many of the relevant 
studies focus on deciduous forests, there are some 
studies of evergreen forests relevant to the region. For 
example, Sarauer et al. [96] found that biochar applied 
to forest soil in the inland Northwest increased soil C 
by as much as 41% and Palviainen et al. [88] showed 
that biochar increased the diameter of pine trees in 
Finland by 25% and height by 12% during the first 
three years after application. Keeping forests healthy 
and resilient improves their productivity as well as 
their ability to provide clean air and water, habitat 
for wildlife and reduced fire risk. In addition, because 
healthy temperate-zone forests remove about 3.4 
tonnes CO2 per hectare (1.4 tons CO2 per acre) each 
year from the atmosphere (2.6 Gt [2.9 GT] CO2 per 
year globally) [45, 89, 90], of which 69% to 92% is 
ultimately stored in forest soils [97], they are a critical 
tool in confronting climate change.

Revitalizing Rural Communities
More difficult to quantify, but equally important in the 
discussion of value provided by scaling up of biochar 
systems is the value of revitalizing rural communities. 
Rural communities across the U.S. are on balance older 
and poorer, with persistently slower rates of employ-
ment growth compared to urban areas [112].7 In the 
Northwest, many communities that had historically 

7 Rural America includes 14% of the Nation’s population but accounted for only 4% of employment growth between 2013 and 2018. The rural poverty 
rate was 16.4% in 2017, compared with 12.9% for urban areas. In the U.S., 19% of the rural population was 65 years or older, compared with 15% 
in urban areas.

8 For example, in Oregon, in 1989, almost 5 billion board feet of timber was harvested in Oregon on federal forests. Harvests dropped to less than 200 
million board feet in 2001 and averaged less than 330 million board feet per year during the most recent decade.

relied on forest-based industries to support livelihoods 
have experienced dire economic circumstances in 
recent decades due to widespread closures of lumber 
and paper mills from the 1990s through the present. 

In the early 1990s, the Northwest Forest Plan (NWFP) 
established a new forest management framework for 
the 24 million acres of federal forestland in Washing-
ton, Oregon, and California within the range of the 
Northern Spotted Owl and shifted 11 million acres 
of federal forestland from timber production to old-
growth forest protection, dramatically accelerating a 
decline in timber harvests that was already underway.8

The dramatic drop in federal timber harvests combined 
with ongoing automation and industry concentration 
led to a wave of mill closures across the region. In 1980, 
for example, 405 lumber mills operated in Oregon. 
In the following three decades, two thirds of these 
mills closed. By 2007 there were only 58 mill towns 
in Oregon. For the region’s small communities, a mill 
closure represents a serious economic blow to com-
munity employment and economic well-being [22]. 
Between 1990 and 2000, socio economic well-being 
indicators were more likely to drop in communities 
near federal forestlands in the NWFP area than in 
communities farther away, and the majority of commu-
nities scoring low on a socioeconomic well-being index 
were within five miles of a federal forest [21]. 

The economic fallout from the NWFP spawned 
numerous efforts that combined rural job creation and 
federal forest restoration, including Jobs in the Woods, 
stewardship contracting, American Recovery and 
Reinvestment Act, and the Coordinated Landscape 
Restoration Program. More recently, Good Neighbor 
Authority provided federal agencies with additional 
funding, greater authority, and the administrative 
flexibility to pursue the twin goals of ecological and 
community resilience. While these programs did not 
specifically include biochar development, they repre-
sent federal investment and community engagement 
approaches that can inform the pathway to a robust 
biochar industry.

Many communities in the PNW that were historically 
dependent on forest products continue to struggle with 
a lack of economic opportunity and associated social 
and community issues. Biochar production can provide 
a durable economic development engine with a manu-
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facturing component that can support the economy of 
struggling rural communities, while reducing wildfire 
risk and improving forest health (See sidebar: “Helping 
Rural Economies” on page 14). Economic revitalization 
is particularly important in light of the economic 
disruption due to the Covid-19 pandemic.

Capturing Monetary Value  
in Biochar Systems
To realize these societal benefits, biochar production 
must be economically viable. This depends on monetiz-
ing the value of goods and services that are provided. 

Currently, the two products that have been reliably 
“monetized” include the thermal energy (heat) that 
is produced during the pyrolysis process, and the 
biochar. The thermal energy can be used within a 
facility to reduce energy costs and can also be used to 
generate electrical power that can be sold. Valuation 
of thermal energy is relatively straightforward and 
depends on existing energy prices. Valuation of 
biochar as a soil amendment, on the other hand, is 
more difficult due to variable impacts and a need to 
identify the niches where biochar is most likely to 
provide economic benefits to applicators. 

Meanwhile, monetizing other benefits has been a 
challenge to date. Monetizing the value of forest 
restoration and fire-hazard reduction deserves 
substantial attention due to the potential harm to 
communities and lives resulting from catastrophic fires 
in the West. Ultimately, it may be most likely that the 
other monetary benefits generated by biochar could 
help stretch existing public funds focused on forest 
restoration, enabling treatment of more acres.

Monetizing CO2 removal from the atmosphere 
through C markets has significant potential to “tip the 
scales” toward overall economic viability of biochar 
production [25, 98, 104, 120]. Until recently, biochar 
producers in the western U.S. have not been able to 
take advantage of C markets and policies, even where 
such policies exist, such as Cap and Trade and the Low 
Carbon Fuel Standard (LCFS). Each potential market 
platform has different requirements that must be met 
before biochar can be recognized. Accessing these 
markets is an active area of work – one that could have 
substantial impacts if successful. One seminal success 
in this effort was achieved in November 2020, when C 
credits for biochar production were issued to a biochar 
supplier in California [87].

To give an idea of the potential economic impact 
of access to climate-related markets and policies we 
explore the impacts under two possible approaches. 

The first, simpler approach, is agnostic with respect 
to the method of production and is used for most 
current C credit markets. This method bases the 
marketable climate offset on the properties of the 
biochar alone and thus does not consider the amount 
of biomass consumed or the possible beneficial use 
of the energy produced. Although it accounts for the 
decay of biochar in the soil over time, it does not 
account for any ancillary impacts on soil processes 
or native organic matter stocks. This approach yields 
remarkably consistent net C values of about 2 to 2.5 
tonnes CO2e per tonne biochar at the time of soil 
application, and 1.8 to 2.3 tonnes CO2e per tonne 
biochar after 100 years [17]. Under these simple and 
verifiable conditions, C values of $70 to $150 per 
tonne ($63 to $136 per ton) CO2e could completely 
offset biochar production costs. Current market prices 

Helping Rural Economies
Small rural towns typically have abundant supplies of 
agricultural or forestry residues nearby that can be used 
as feedstocks for biochar/bioenergy production facilities. 
A typical wood gasifier facility could process 300,000 
BD tonnes (331,000 BD tons) of biomass annually (34 BD 
tonnes [37 BD tons] per hour), from which 45,000 tonnes 
(49,600 tons) of biochar (at 15% efficiency) and 660,000 
MWh of energy could be produced. With steam generation, 
the facility could supply 19 MW of electricity to the local 
grid, enough to power 15,000 homes, and still have 57 MW 
of thermal energy available for other purposes such as space 
heating of homes, businesses, and greenhouses. A plant 
of this size could provide 35 jobs and support 120 people. 
Additional jobs would be found in biomass procurement 
activities such as fire-hazard reduction operations in 
forests. Annual expenses would total $19 million (capital 
$6.6 million, labor and operations $6.8 million, feedstocks 
$6 million). Sale of the biochar at $150 per tonne ($136 
per ton) and of the electricity at a wholesale price of $30 
per MWh would yield $12 million in revenue. Additional 
revenue from C credits, higher value biochar products, 
or thermal energy for space heating would be needed. 
For example, at a C price of $40 per tonne ($36 per ton) 
CO2e, offsets from biochar-C and bioenergy could generate 
$7.8 million. Sale of thermal energy at $18 per MWh could 
generate $9 million. Development of multiple product 
streams could help assure profitability.

A similar analysis for a slow pyrolysis facility (31.5% biochar 
efficiency) shows a slight profit from biochar and electricity 
sales alone. Potential revenue from sales of C credits at $40 
per tonne CO2e ($14.5 million) and thermal energy ($4.6 
million) adds to this profitability. 
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are in this range. Using a value of 2 tonnes CO2e per 
tonne biochar (after 100 years) as an example, the 
European markets at 2020 prices would add approx-
imately $100 per tonne ($91 per ton) of biochar 
value; California Cap and Trade could add $40 per 
tonne ($36 per ton); and the California and Oregon 
Low Carbon Fuel Standard could add $400 per tonne 
($363 per ton) of economic value.

The second possible approach incorporates the 
C efficiency of the production process as well as 
the properties of the biochar and calculates net C 
value in terms of tonne CO2e per tonne biomass C 
[25,104,120]. Using this LCA-based approach with 
biomass data from Washington State9, estimates of net 
C values range from a low of about 0.14 tonnes CO2e 
per tonne biomass C at 5% C efficiency to a high of 
more than 1.5 tonnes CO2e per tonne biomass C when 
C efficiencies above 45% are attained (solid green line 
in Figure 1.11). Generation of electricity using process 
energy and consideration of impacts on soil C stocks 
and vegetative response increases these net C values 
by at least 60% (dashed green line in Figure 1.11). 
Although smaller than the near-constant net C value 
estimated on the biochar-C basis (dark grey line in 
Figure 1.11), these biomass-C values provide a truer 
representation of the C impact of biochar technology. 
Further, they reward high-efficiency producers, ensure 
maximum climate mitigation impacts from limited 
biomass resources, and provide a strong incentive for 
development of LCA-based C-market instruments.

9 For a more in-depth discussions of biochar production and sustainability, see the International Biochar Initiative’s Guiding Principles for a 
Sustainable Biochar Industry [58] and Garcia-Perez et al. [43].

Whichever approach is taken, consistent and standard 
biochar characterization methods and protocols 
must be developed and adopted before C markets 
can be accessed. Existing protocols (based on biochar 
properties alone) can be adapted to smooth the 
development process and lower costs. For example, 
an emerging C market platform that operates in the 
U.S. and Germany [17] includes biochar in their 
trading platform and requires either a European 
Biochar Certificate (EBC) or International Biochar 
Initiative (IBI) certificate for verification. In California, 
a reporting protocol for biochar is presently being 
adapted for submission to the Climate Action Reserve. 
If approved, bioenergy producers could register 
biochar compliance offset credits under the state’s 
Cap and Trade program. The additional economic 
value generated could produce millions of C offset 
credits and greatly accelerate the utilization of biochar 
throughout California and beyond [16]. Work is still 
needed to develop protocols based on biomass C 
efficiency, which have great potential to stimulate 
further development of a sustainable biochar industry.

While achieving the promise of biochar systems 
requires economic viability, it also requires a continued 
effort to maximize the environmental and social aspects 
of sustainable biochar production and use, and mini-
mize unintended negative consequences.9 Important 
considerations include safety for production personnel 
and equitable labor practices, transparent operations 
and stakeholder relationships, feedstock choices 
and land use before production, C efficiency, GHG 
emissions, energy use, and output during production, 
C stability and application after production, and open 
sharing of knowledge. 

REFERENCES
1.  Akhtar, A., & Sarmah, A.K. (2018). Novel 

biochar-concrete composites: Manufacturing, 
characterization and evaluation of the mechan-
ical properties. Science of the Total Environment, 
616-617, 408-416. https://dx.doi.org/ 10.1016/ 
j.scitotenv.2017.10.319

Figure 1.11. Estimates of net C value for biochar systems in Washington 
State evaluated on the basis of biochar properties only (dark grey line) or 
with inclusion of C efficiency of biomass conversion (solid green line). The 
dashed green line adds the impacts of bioenergy generation and of biochar 
amendments on native soil organic C stocks.

Chapter 1: Introduction  | 15

https://dx.doi.org/10.1016/j.scitotenv.2017.10.319
https://dx.doi.org/10.1016/j.scitotenv.2017.10.319


2.  Amonette, J.E. (2019). Assessment of the Local 
Technical Potential for CO2 Drawdown using Biochar 
from Forestry Residues and Waste Wood in 26 Counties 
of Washington State. Report for The Waste to Fuels 
Technology partnership 2017-2019 Biennium: 
Advancing organics management in Washington 
State. Center for Sustaining Agriculture & Natural 
Resources, Washington State University, Pullman, 
WA. 174 pp. https://csanr.wsu.edu/publications/
assessment-of-the-local-technical-potential-for-co2-
drawdown-using-biochar-from-forestry-residues-and-
waste-wood-in-26-counties-of-washington-state/ 
accessed 28 Aug 2021.

3.  Amonette, J.E., Flury, M., & Zhang, J. (2019). A Rapid 
Test for Plant-Available Water-Holding Capacity in 
Soil-Biochar Mixtures. Report for The Waste to Fuels 
Technology Partnership 2017-2019 Biennium: Advanc-
ing Organics Management in Washington State. 
Center for Sustaining Agriculture & Natural Resources, 
Washington State University, Pullman, WA. 37 pp. 
https://csanr.wsu.edu/publications/a-rapid-test-for-plant-
available-water-holding-capacity-in-soil-biochar-mixtures/ 
accessed 28 Aug 2021.

4.  Amonette, J.E. (2021). Technical Potential for CO2 
Drawdown using Biochar in Washington State. Report 
for The Waste to Fuels Technology Partnership 
2019-2021 Biennium: Advancing Organics 
Management in Washington State. Center for 
Sustaining Agriculture & Natural Resources, 
Washington State University, Pullman, WA. https://
csanr.wsu.edu /publications/ technical- potential- for- 
CO2- drawdown- using- biochar- in- washington- state/

5.  Amonette, J.E., Blanco-Canqui, H., Hassebrook, C., 
Laird, D.A., Lal, R., Lehmann, J., & Page-Dumroese, 
D. (2021). Integrated biochar research: A roadmap. 
Journal of Soil and Water Conservation 76(1), 24A-
29A. https://doi.org/10.2489/jswc.2021.1115A

6.  Anawar, H.M., Akter, F., Solaiman, Z.M., & Strezov, 
V. (2015). Biochar: An emerging panacea for 
remediation of soil contaminants. Pedosphere, 
25(5), 654–665. https://doi.org/ 10.1016/ S1002-
0160(15)30046-1

7.  Bailey, J., Boston, K., Cole, E., Vogler, K., Morici, 
K. & Johnston, J. (2016). Sustainable Biomass 
Supply from Forest Health and Fire Hazard Reduction 
Treatments. NARA Final Reports. Pullman, WA. 
Northwest Advanced Renewables Alliance (NARA). 
https://nararenewables.org/documents/2017/06/
sustainable-biomass-supply- from- forest- health- and- fire- 
hazard- reduction-treatments.pdf accessed 27 Aug 2021.

8.  Baker, S.E., Stolaroff, J.K., Peridas, G., Pang, S.H., 
Goldstein, H.M., Lucci, F.R., Li, W., Slessarev, 
E.W., Pett-Ridge, J., Ryerson, F.J., Wagoner, J.L., 
Kirkendall, W., Aines, R.D., Sanchez, D.L., Cabiyo, 
B., Baker, J., McCoy, S., Uden, S. Runnebaum, R., 
Wilcox, J., Psarras, P.C., Pilorgé, H., McQueen, N., 
Maynard, D., & McCormick, C. (2020). Getting 
to Neutral: Options for Negative Carbon Emissions 
in California, January, 2020, Lawrence Livermore 
National Laboratory, LLNL-TR-796100. https://
www-gs.llnl.gov/ content/ assets/ docs/ energy/ Getting_
to_Neutral.pdf accessed 07 Mar 2021.

9.  Batjes, N.H. (1996). Total carbon and nitrogen 
in the soils of the world. European Journal of Soil 
Science, 47, 151-163. https://dx.doi.org/ 10.1111/ 
j.1365-2389.1996.tb01386.x

10.  Berg, E., Morgan, T., & Simmons, E. (2016). Timber 
Products Output (TPO): Forest Inventory, Timber 
Harvest, Mill and Logging Residue-Essential Feedstock 
Information Needed to Characterize the NARA Supply 
Chain. NARA Final reports. Pullman, WA. North-
west Advanced Renewables Alliance (NARA). 
https://nararenewables.org/documents/2017/03/
timber-prod-output-final.pdf accessed 27 Aug 2021.

11.  Blanco-Canqui, H., Laird, D.A., Heaton, E.A., 
Rathke, S., & Acharya, B.S. (2019). Soil carbon 
increased by twice the amount of biochar carbon 
applied after 6 years: Field evidence of negative 
priming. Global Change Biology Bioenergy, 12, 
240-251. https://dx.doi.org/10.1111/gcbb.12665

12.  Borchard, N., Ladd, B., Eschemann, S., Hegen-
berg, D., Möseler, B.M., & Amelung, W. (2014). 
Black carbon and soil properties at historical 
charcoal production sites in Germany. Geoderma, 
232–234, 236–242. https://dx.doi.org/ 10.1016/ 
j.geoderma.2014.05.007

13.  Borchard, N., Schirrmann, M., Cayuela, M.L., 
Kammann, C., Wrage-Mönnig, N., Estavillo, J.M., 
Fuertes-Mendizabal, T., Sigua, G., Spokas, K., 
Ippolito, J.A., & Novak, J. (2019). Biochar, soil and 
land-use interactions that reduce nitrate leaching 
and N2O emissions: A meta-analysis. Science of the 
Total Environment, 651, 2354-2364. https://dx.doi.org/ 
10.1016/ j.scitotenv.2018.10.060

14.  Brown, G. (2018). Dirt to soil: One family’s journey 
into regenerative agriculture. Chelsea Green Publish-
ing, White River Junction, Vermont, USA. https://
www.chelseagreen.com/product/dirt-to-soil/ accessed 
27 Aug 2021.

Biomass to Biochar | Maximizing the Carbon Value16 | Chapter 1

https://csanr.wsu.edu/publications/assessment-of-the-local-technical-potential-for-co2-drawdown-using-biochar-from-forestry-residues-and-waste-wood-in-26-counties-of-washington-state/
https://csanr.wsu.edu/publications/assessment-of-the-local-technical-potential-for-co2-drawdown-using-biochar-from-forestry-residues-and-waste-wood-in-26-counties-of-washington-state/
https://csanr.wsu.edu/publications/assessment-of-the-local-technical-potential-for-co2-drawdown-using-biochar-from-forestry-residues-and-waste-wood-in-26-counties-of-washington-state/
https://csanr.wsu.edu/publications/assessment-of-the-local-technical-potential-for-co2-drawdown-using-biochar-from-forestry-residues-and-waste-wood-in-26-counties-of-washington-state/
https://csanr.wsu.edu/publications/a-rapid-test-for-plant-available-water-holding-capacity-in-soil-biochar-mixtures/
https://csanr.wsu.edu/publications/a-rapid-test-for-plant-available-water-holding-capacity-in-soil-biochar-mixtures/
https://csanr.wsu.edu/publications/technical-potential-for-CO2-drawdown-using-biochar-in-washington-state/
https://csanr.wsu.edu/publications/technical-potential-for-CO2-drawdown-using-biochar-in-washington-state/
https://csanr.wsu.edu/publications/technical-potential-for-CO2-drawdown-using-biochar-in-washington-state/
https://doi.org/10.2489/jswc.2021.1115A
https://doi.org/10.1016/S1002-0160(15)30046-1
https://doi.org/10.1016/S1002-0160(15)30046-1
https://nararenewables.org/documents/2017/06/sustainable-biomass-supply-from-forest-health-and-fire-hazard-reduction-treatments.pdf
https://nararenewables.org/documents/2017/06/sustainable-biomass-supply-from-forest-health-and-fire-hazard-reduction-treatments.pdf
https://nararenewables.org/documents/2017/06/sustainable-biomass-supply-from-forest-health-and-fire-hazard-reduction-treatments.pdf
https://www-gs.llnl.gov/content/assets/docs/energy/Getting_to_Neutral.pdf
https://www-gs.llnl.gov/content/assets/docs/energy/Getting_to_Neutral.pdf
https://www-gs.llnl.gov/content/assets/docs/energy/Getting_to_Neutral.pdf
https://dx.doi.org/10.1111/j.1365-2389.1996.tb01386.x
https://dx.doi.org/10.1111/j.1365-2389.1996.tb01386.x
https://nararenewables.org/documents/2017/03/timber-prod-output-final.pdf
https://nararenewables.org/documents/2017/03/timber-prod-output-final.pdf
https://dx.doi.org/10.1111/gcbb.12665
https://dx.doi.org/10.1016/j.geoderma.2014.05.007
https://dx.doi.org/10.1016/j.geoderma.2014.05.007
https://dx.doi.org/10.1016/j.scitotenv.2018.10.060
https://dx.doi.org/10.1016/j.scitotenv.2018.10.060
https://www.chelseagreen.com/product/dirt-to-soil/
https://www.chelseagreen.com/product/dirt-to-soil/


15.  Burrell, L.D., Zehetner, F., Rampazzo, N., Wimmer, 
B., & Soja, G. (2016). Long-term effects of biochar 
on soil physical properties. Geoderma, 282, 96-102. 
https://dx.doi.org/10.1016/j.geoderma.2016.07.019

16.  CARB. (2021). Cap-and-Trade Program: Frequently 
Asked Questions. California Air Resources Board. Jan. 
2021. https://ww2.arb.ca.gov/sites/default/files/2021-
01/FAQ_CT_Jan2021.pdf accessed 13 Jul 2021.

17.  Carbonfuture. (2020). Carbon Sink Certification 
Standards. 13 August 2020, Version 1.2. https:// raw.
githubusercontent.com/ carbonfuture/ PublicResources/ 
master/ cfMinimumStandards_V1.2.pdf accessed 03 
Mar 2021.

18.  Certini, G. (2005). Effects of fire on properties of 
forest soils: a review. Oecologia, 143,1-10. https://
doi.org/10.1007/s00442-004-1788-8

19.  Certini, G. (2014). Fire as a soil-forming factor. 
AMBIO 43, 191–195. https://doi.org/10.1007/
s13280-013-0418-2

20.  Chambers, A., Lal, R., & Paustian, K. (2016). Soil 
carbon sequestration potential of US croplands 
and grasslands: implementing the 4 per thousand 
initiative. Journal of Soil and Water Conservation, 
71, 68A-74A. https://doi.org/10.2489/jswc.71.3.68A

21.  Charnley, S., Donoghue, E.M., & Moseley, C. 
(2008). Forest management policy and commu-
nity well-being in the Pacific Northwest. Journal of 
Forestry, 106(8), 440–447. 

22.  Chen, Y. & Weber, B. (2012). Federal policy, 
rural community growth, and wealth creation: 
The impact of the federal forest policy and rural 
development spending in the Pacific Northwest. 
American Journal of Agricultural Economics, 94(2), 
542–548. https://doi.org/10.1093/ajae/aar065

23.  Chen, S., Frear, C., Garcia-Perez, M., Jensen, J., 
Sjoding, D., Kruger, C., Abu-Lail, N.I., Astill, 
G., Dallmeyer, I., Dong, T., Flury, M., Fortuna, 
A-M., Garcia-Nunez, J., Hall, S.A., Harsh, J.B., 
Iqbal, H., Kennedy, N., Ma, J-W., Mitchell, S., 
Pecha, B., Pelaez-Samaniego, R., Seker, A., Smith, 
M., Suliman, W., Yorgey, G., Yu, L., & Zhao, 
Q-B. (2016). Advancing Organics Management in 
Washington State: The Waste to Fuels Technology 
Partnership. Waste 2 Resources, Washington State 
Department of Ecology Publication No. 16-07-008. 
299 pp. https://apps.ecology.wa.gov/publications/
documents/1607008.pdf accessed 28 Aug 2021.

24.  Chen, S., Frear, C., Garcia-Perez, M., Kruger, 
C., Ewing, T., Jensen, J., Yorgey, G., Gang, D.R., 
Amonette, J.E., Ayiania, M., Berim, A., Botella, 
L., Carbajal Gamarra, F.M., Cleary, J., Dunsmoor, 
A., Finch, R.W., Fuchs, M.R., Haghighi Mood, 
S., Hall, S.A., Han, Y., Jobson, B.T., Long, R., Ma, 
J., Mainali, K., Moller, D., Neuenschwander, L., 
Seker, A., Sjoding, D., Stankovikj, F., Suliman, 
W., Tanzil, A., Terrell, E., Tran, C-C., Xiong, X., 
& Yu, L. (2018). Advancing Organics Management 
in Washington State: The Waste to Fuels Technol-
ogy Partnership 2015-2017 Biennium. Waste 2 
Resources, Washington State Department of 
Ecology Publication No. 18-07-010. 424 pp. 
https://apps.ecology.wa.gov/ publications/ documents/ 
1807010.pdf accessed 28 Aug 2021.

25.  Cowie, A., Woolf, D., Gaunt, J., Brandão, 
M., Anaya de la Rosa, R., & Cowie, A. (2015). 
Biochar, carbon accounting and climate change. 
In J. Lehmann & S. Joseph (Eds.), Biochar for 
Environmental Management: Science, Technology and 
Implementation. (pp. 763-794). Taylor and Francis, 
London, UK.

26.  Cuthbertson, D., Berardi, U., Briens, C., & Berruti, 
F. (2019). Biochar from residual biomass as a 
concrete filler for improved thermal and acoustic 
properties. Biomass and Bioenergy, 120, 77-83. 
https://dx.doi.org/10.1016/j.biombioe.2018.11.007

27.  Dai, Y-H., Zheng, H., Jiang, Z-X., & Xing, B-S. 
(2020). Combined effects of biochar properties 
and soil conditions on plant growth: A meta-anal-
ysis. Science of the Total Environment, 713, 136635. 
https://dx.doi.org/10.1016/j.scitotenv.2020.136635

28.  Ding, F., Van Zwieten, L., Zhang, W-D., Weng, 
Z-H., Shi, S-W., Wang, J-K., & Meng, J. (2018). 
A meta-analysis and critical evaluation of influ-
encing factors on soil carbon priming following 
biochar amendment. Journal of Soils and Sediments, 
18, 1507-1517. https://dx.doi.org/ 10.1007/ s11368-
017-1899-6

29.  Draper, K. 2020. Opportunities for drawdown:  How 
biochar can help the construction industry pivot from 
emitting carbon to banking it. Presentation given at 
Scaling Biochar Forum (https://www.scalingbiochar.
com/ ), October 13, 2020. https://youtu.be/ 
trcTMpNjgY0 accessed 27 Feb 2021.

Chapter 1: Introduction  | 17

https://dx.doi.org/10.1016/j.geoderma.2016.07.019
https://ww2.arb.ca.gov/sites/default/files/2021-01/FAQ_CT_Jan2021.pdf
https://ww2.arb.ca.gov/sites/default/files/2021-01/FAQ_CT_Jan2021.pdf
https://raw.githubusercontent.com/carbonfuture/PublicResources/master/cfMinimumStandards_V1.2.pdf
https://raw.githubusercontent.com/carbonfuture/PublicResources/master/cfMinimumStandards_V1.2.pdf
https://raw.githubusercontent.com/carbonfuture/PublicResources/master/cfMinimumStandards_V1.2.pdf
https://doi.org/10.1007/s00442-004-1788-8
https://doi.org/10.1007/s00442-004-1788-8
https://doi.org/10.1007/s13280-013-0418-2
https://doi.org/10.1007/s13280-013-0418-2
https://doi.org/10.2489/jswc.71.3.68A
https://doi.org/10.1093/ajae/aar065
https://apps.ecology.wa.gov/publications/documents/1607008.pdf
https://apps.ecology.wa.gov/publications/documents/1607008.pdf
https://apps.ecology.wa.gov/publications/documents/1807010.pdf
https://apps.ecology.wa.gov/publications/documents/1807010.pdf
https://dx.doi.org/10.1016/j.biombioe.2018.11.007
https://dx.doi.org/10.1016/j.scitotenv.2020.136635
https://dx.doi.org/10.1007/s11368-017-1899-6
https://dx.doi.org/10.1007/s11368-017-1899-6
https://www.scalingbiochar.com/
https://www.scalingbiochar.com/
https://youtu.be/trcTMpNjgY0
https://youtu.be/trcTMpNjgY0


30.  Edeh, I.G., Masek, O., & Buss, W. (2020). A 
meta-analysis on biochar’s effects on soil water 
properties—new insights and future research 
challenges. Science of The Total Environment, 714, 
136857. https://dx.doi.org/ 10.1016/ j.scitotenv. 
2020.136857.

31.  Elad, Y., Cytryn, E., Meller Harel, Y., Lew, B., & 
Graber, E.R. (2011). The biochar effect: plant 
resistance to biotic stresses. Phytopathologia Medi-
terranea, 50, 335-349. https://dx.doi.org/10.14601/
Phytopathol_Mediterr-9807

32.  El-Naggar, A., Lee, S.S., Rinklebe, J., Farooq, 
M., Song, H., Sarmah, A.K., Zimmerman, A.R., 
Ahmad, M., Shaheen, S.M., & Ok, Y.S. (2019). 
Biochar application to low fertility soils: A 
review of current status, and future prospects. 
Geoderma, 337, 536-554. https://dx.doi.org/ 10.1016/ 
j.geoderma.2018.09.034

33.  FAO (2010). Global Forest Resources Assessment 
2010. FAO Forestry Paper 163. Food and Agricul-
ture Organization of the United Nations, Rome. 
http://www.fao.org/3/i1757e/i1757e.pdf accessed 07 
Mar 2021.

34.  Fargione, J.E., Bassett, S., Boucher, T., Bridgham, 
S.D., Conant, R.T., Cook-Patton, S.C., Ellis, P.W., 
Falcucci, A., Fourqurean, J.W., Gopalakrishna, T., 
Gu, H., Henderson, B., Hurteau, M.D., Kroeger, 
K.D., Kroeger, T., Lark, T.J, Leavitt, S.M., Lomax, 
G., McDonald, R.I., Megonigal, J.P., Miteva, D.A., 
Richardson, C.J., Sanderman, J., Shoch, D., Spawn, 
S.A., Veldman, J.W., Williams, C.A., Woodbury, 
P.B., Zganjar, C., Baranski, M., Eilas, P., Houghton, 
R.A., Landis, E., McGlynn, E., Schlesinger, W.H., 
Siikamaki, J.V., Sutton-Grier, A.E., & Griscom, 
B.W. (2018). Natural climate solutions for the 
United States. Science Advances, 4(11), eaat1869. 
http://doi.org/10.1126/sciadv.aat1869

35.  Fischer, D. & Glaser, B. (2012). Synergisms 
between compost and biochar for sustainable soil 
amelioration. Chapter 10 in S. Kumar & A. Bahrti 
(Eds.) Management of Organic Waste. https://www.
intechopen.com/books/management-of-organic-waste/
synergism-between-biochar-and-compost-for- 
sustainable- soil-amelioration accessed 07 Mar 2021.

36.  Fish, D., Dallmeyer, I., Fox, C., Eatherton, 
R., Cline, S., Casayuran, C., Garcia-Perez, M., 
Suliman, W., & Haynes, S. (2016). Conversion 
of Lignin to High Value, Large Market Products. 
NARA Final Reports. Pullman, WA. Northwest 
Advanced Renewables Alliance (NARA). https://
nararenewables.org/ documents/ 2017/ 05/ conversion-
of-lignin-to-high-value-large-market-products.pdf 
accessed 25 Jan 2021.

37.  Frenkel, O., Jaiswal, A.K., Elad, Y., Lew, B., 
Kammann, C., & Graber, E.R. (2017). The effect 
of biochar on plant diseases: What should we 
learn while designing biochar substrates? Journal 
of Environmental Engineering and Landscape Man-
agement, 25:105-113. https://dx.doi.org/ 10.3846/ 
16486897.2017.1307202

38.  Fuchs, M., Garcia-Perez, M., & Sjoding, D. 
(2012). Biochar: Background & Early Steps to Market 
Development – Biochar Industry Opportunities in the 
Pacific Northwest. October 2012. Publication no. 
12-07-067, October 2012. Washington Depart-
ment of Ecology, Olympia, WA. https://apps.
ecology.wa.gov/ publications/ documents/ 1207067.pdf 
accessed 07 Mar 2021.

39.  Gang, D.R. (2018). Impact of biochar on compo-
sition and properties of herbs: A review. Chpt. 9 
In Hills, K., Hall, S.A., Saari, B., & Zimmerman, 
T. (Eds.) Advancing Organics Management in 
Washington State: The Waste to Fuels Technology 
Partnership 2015-2017 Biennium. Washington 
State Department of Ecology Publication No. 
18-07-101, Washington Department of Ecology, 
Olympia, WA. pp. 181-203. https://fortress.wa.gov/
ecy/publications/summarypages/1807010.html 
accessed 27 Feb 2021.

40.  Garcia-Perez, M., Lewis, T., & Kruger, C.E. (2011). 
Methods for Producing Biochar and Advanced Biofuels 
in Washington State. Part 1: Literature Review of 
Pyrolysis Reactors. Washington Department of 
Ecology Publication Number 11-07-017. 137 pp. 
https://apps.ecology.wa.gov/ publications/ documents/ 
1107017.pdf accessed 28 Aug 2021.

Biomass to Biochar | Maximizing the Carbon Value18 | Chapter 1

https://dx.doi.org/10.1016/j.scitotenv.2020.136857
https://dx.doi.org/10.1016/j.scitotenv.2020.136857
https://dx.doi.org/10.14601/Phytopathol_Mediterr-9807
https://dx.doi.org/10.14601/Phytopathol_Mediterr-9807
https://dx.doi.org/10.1016/j.geoderma.2018.09.034
https://dx.doi.org/10.1016/j.geoderma.2018.09.034
http://www.fao.org/3/i1757e/i1757e.pdf
http://doi.org/10.1126/sciadv.aat1869
https://www.intechopen.com/books/management-of-organic-waste/synergism-between-biochar-and-compost-for-sustainable-soil-amelioration
https://www.intechopen.com/books/management-of-organic-waste/synergism-between-biochar-and-compost-for-sustainable-soil-amelioration
https://www.intechopen.com/books/management-of-organic-waste/synergism-between-biochar-and-compost-for-sustainable-soil-amelioration
https://www.intechopen.com/books/management-of-organic-waste/synergism-between-biochar-and-compost-for-sustainable-soil-amelioration
https://nararenewables.org/documents/2017/05/conversion-of-lignin-to-high-value-large-market-products.pdf
https://nararenewables.org/documents/2017/05/conversion-of-lignin-to-high-value-large-market-products.pdf
https://nararenewables.org/documents/2017/05/conversion-of-lignin-to-high-value-large-market-products.pdf
https://dx.doi.org/10.3846/16486897.2017.1307202
https://dx.doi.org/10.3846/16486897.2017.1307202
https://apps.ecology.wa.gov/publications/documents/1207067.pdf
https://apps.ecology.wa.gov/publications/documents/1207067.pdf
https://fortress.wa.gov/ecy/publications/summarypages/1807010.html
https://fortress.wa.gov/ecy/publications/summarypages/1807010.html
https://apps.ecology.wa.gov/publications/documents/1107017.pdf
https://apps.ecology.wa.gov/publications/documents/1107017.pdf


41.  Garcia-Perez, M., Kruger, C., Fuchs, M., Sokhan-
sanj, S., Badger, P., Garcia-Nunez, J.A., Lewis, T., 
& Kantor, S. (2012). Methods for Producing Biochar 
and Advanced Bio-fuels in Washington State. Part 2: 
Literature Review of the Biomass Supply Chain and 
Preprocessing Technologies From Field to Pyrolysis 
Reactor. Washington Department of Ecology Pub-
lication Number 12-07-033. 67 pp. https://apps.
ecology.wa.gov/ publications/ documents/ 1207033.pdf 
accessed 28 Aug 2021.

42.  Garcia-Perez, M., Garcia-Nunez, J.A., Lewis, T., 
Kruger, C., & Kantor, S. (2012). Methods for Produc-
ing Biochar and Advanced Bio-fuels in Washington 
State. Part 3: Literature Review of Technologies 
for Product Collection and Refining. Washington 
Department of Ecology Publication Number 12-07-
034. 125 pp. https://apps.ecology.wa.gov/publications/
documents/1207034.pdf accessed 28 Aug 2021.

43.  Garcia-Perez, M., Garcia-Nunez, J.A., Lewis, T., 
Kruger, C., Fuchs, M.R., Flora, G., Newman, G., 
& Kantor, S. (2013). Methods for Producing Biochar 
and Advanced Biofuels in Washington State. Part 4: 
Literature Review of Sustainability Issues, Business 
Models and Financial Analyses. Washington Depart-
ment of Ecology Publication Number 12-07-035. 
75 pp. https://apps.ecology.wa.gov/publications/
documents/1207035.pdf

44.  Garcia-Perez, M., Brady, M., & Tanzil, A.H. 
(2019). Biochar Production in Biomass Power Plants: 
Techno-Economic and Supply Chain Analyses. A 
Report for the Waste to Fuels Technology Partnership 
2017-2019 Biennium: Advancing Organics Manage-
ment in Washington State. Center for Sustaining 
Agriculture and Natural Resources, Washington 
State University, Pullman, WA and Washington 
Department of Ecology, Olympia, WA. September 
2019. https://csanr.wsu.edu/wp-content/uploads/
sites/32/2019/08/Biochar-Production-in-Biomass- 
Power-Plants-.pdf accessed 27 Aug 2021

45.  Gough, C.M. (2011). Terrestrial primary produc-
tion: Fuel for life. Nature Education Knowledge 3:28. 
https://www.nature.com/scitable/knowledge/library/
terrestrial-primary-production-fuel-for-life-17567411/ 
accessed 27 Aug 2021.

46.  Graber, E.R., & Kookana, R.S. (2015). Biochar and 
retention/efficacy of pesticides. In J. Lehmann & 
S. Joseph (Eds.), Biochar for Environmental Manage-
ment: Science, Technology and Implementation. (pp. 
655-678). Taylor and Francis, London, UK.

47.  Granatstein, D., Kruger, C., Collins, H., 
Garcia-Perez, M., & Yoder, J. (2009). Use of Biochar 
from the Pyrolysis of Waste Organic Material as a Soil 
Amendment. Final Report. Center for Sustaining 
Agriculture and Natural Resources, Washington 
State University, Wenatchee, WA. 168 pp. https://
apps.ecology.wa.gov/ publications/ publications/ 
0907062.pdf accessed 27 Aug 2021.

48.  Groot, H., Pepke, E., Fernholz, K., Henderson, 
C., & Howe, J. (2018). Survey and Analysis of 
the US Biochar Industry. Dovetail Partners, Inc. 
November 2018. https://dovetailinc.org/upload/
tmp/1579550188.pdf accessed 27 Aug 2021.

49.  Gujre, N., Soni, A., Rangan, L., Tsang, D.C.W., 
& Mitra, S. (2021). Sustainable improvement 
of soil health utilizing biochar and arbuscular 
mycorrhizal fungi: A review. Environmental 
Pollution, 268, 115549. https://dx.doi.org/ 10.1016/ 
j.envpol.2020.115549

50.  Gupta, S. & Kua, H.W. (2017). Factors determining 
the potential of biochar as a carbon capturing 
and sequestering construction material: Critical 
review. Journal of Materials in Civil Engineering, 
29, 04017086. https://dx.doi.org/ 10.1061/ (ASCE)
MT.1943-5533.0001924

51.  Hale, S.E., Cornelissen, G., & Werner, D. (2015). 
Sorption and remediation of organic compounds 
in soils and sediments by (activated) biochar. 
In J. Lehmann & S. Joseph (Eds.), Biochar for 
Environmental Management: Science, Technology 
and Implementation. (pp. 625-654). Taylor and 
Francis, London, UK.

52.  Han, H.-S., Jacobson, A., Bilek, E.M., & Sessions, J. 
(2018). Waste to wisdom: Utilizing forest residues 
for the production of bioenergy and biobased 
products. Applied Engineering in Agriculture, 34:5-
10. https://dx.doi.org/10.13031/aea.12774 

53.  Haugo, R.D., Zanger, C., DeMeo, T., & Ringo, 
C. (2015). A new approach to evaluate forest 
structure restoration needs across Oregon 
and Washington, USA. Forest Ecology and 
Management, 335:37–50. http://doi.org/10.1016/ 
j.foreco.2014.09.014

54.  Hernandez-Soriano, M.C., Kerré, B., Goos, P., 
Hardy, B., Dufey, J., & Smolders, E. (2016). 
Long-term effect of biochar on the stabilization 
of recent carbon: soils with historical inputs 
of charcoal. Global Change Biology Bioenergy, 8, 
371–381. https://dx.doi.org/10.1111/gcbb.12250

Chapter 1: Introduction  | 19

https://apps.ecology.wa.gov/publications/documents/1207033.pdf
https://apps.ecology.wa.gov/publications/documents/1207033.pdf
https://apps.ecology.wa.gov/publications/documents/1207034.pdf
https://apps.ecology.wa.gov/publications/documents/1207034.pdf
https://apps.ecology.wa.gov/publications/documents/1207035.pdf
https://apps.ecology.wa.gov/publications/documents/1207035.pdf
https://csanr.wsu.edu/wp-content/uploads/sites/32/2019/08/Biochar-Production-in-Biomass-Power-Plants-.pdf
https://csanr.wsu.edu/wp-content/uploads/sites/32/2019/08/Biochar-Production-in-Biomass-Power-Plants-.pdf
https://csanr.wsu.edu/wp-content/uploads/sites/32/2019/08/Biochar-Production-in-Biomass-Power-Plants-.pdf
https://www.nature.com/scitable/knowledge/library/terrestrial-primary-production-fuel-for-life-17567411/
https://www.nature.com/scitable/knowledge/library/terrestrial-primary-production-fuel-for-life-17567411/
https://apps.ecology.wa.gov/publications/publications/0907062.pdf
https://apps.ecology.wa.gov/publications/publications/0907062.pdf
https://apps.ecology.wa.gov/publications/publications/0907062.pdf
https://dovetailinc.org/upload/tmp/1579550188.pdf
https://dovetailinc.org/upload/tmp/1579550188.pdf
https://dx.doi.org/10.1016/j.envpol.2020.115549
https://dx.doi.org/10.1016/j.envpol.2020.115549
https://dx.doi.org/10.1061/(ASCE)MT.1943-5533.0001924
https://dx.doi.org/10.1061/(ASCE)MT.1943-5533.0001924
https://dx.doi.org/10.13031/aea.12774
http://doi.org/10.1016/j.foreco.2014.09.014
http://doi.org/10.1016/j.foreco.2014.09.014
https://dx.doi.org/10.1111/gcbb.12250


55.  Hessburg, P.F., Churchill, D.J., Larson, A.J., Haugo, 
R.D., Miller, C., Spies, T.A., North, M. P., Povak, 
N.A., Belote, R.T., Singleton, P.H., Gaines, W.L., 
Keane, R.E., Aplet, G.H., Stephens, S.L., Morgan, 
P., Bisson, P.A., Rieman, B.E., Salter, R.B., & Reeves, 
G.H. (2015). Restoring fire-prone Inland Pacific 
landscapes: seven core principles. Landscape Ecol. 
30, 1805–1835. https://dx.doi.org/ 10.1007/ s10980-
015-0218-0

56.  Hills, K., Garcia-Perez, M., Amonette, J.E., Brady, 
M., Jobson, T., Collins, D., Gang, D., Bronstad, E., 
Flury, M., Seefeldt, S., Stöckle, C.O., Ayiania, M., 
Berim, A., Hoashi-Erhardt, W., Khosravi, N., Mood, 
S. H., Nelson, R., Milan, Y.J., Pickering, N., Stacey, 
N., Tanzil, A.H., Zhang, J., Saari, B., & Yorgey, G.G. 
(2019). Advancing Organics Management in Washing-
ton State: The Waste to Fuels Technology Partnership 
2017-2019 Biennium. Washington Department of 
Ecology Publication Number 19-07-027. https://
apps.ecology.wa.gov/publications/documents/1907027.
pdf accessed 28 Aug 2021.

57.  Hussain, M., Farooq, M., Nawaz, A., Al-Sadi, A.M., 
Solaiman, Z.M., Alghamdi, S.S., Ammara, U., Ok, 
Y.S., & Siddique, K.H.M. (2017). Biochar for crop 
production: potential benefits and risks. Journal of 
Soils and Sediments, 17, 685–716. https://dx.doi.org/ 
10.1007/ s11368-016-1360-2

58.  IBI (2018). Guiding Principles for a Sustainable 
Biochar Industry. International Biochar Initiative. 
https://www.biochar-international.org/ wp-content/ 
uploads/ 2018/04/Guiding_ Principles_ Sustainable_ 
Biochar.pdf accessed 13 Aug 2021.

59.  Ippolito, J.A., Cui, L-Q., Kammann, C., 
Wrage-Mönnig, N., Estavillo, J.M., Fuertes-Men-
dizabal, T., Cayuela, M.L., Sigua, G., Novak, J., 
Spokas, K., & Borchard, N. (2020). Feedstock 
choice, pyrolysis temperature and type influence 
biochar characteristics: a comprehensive meta-
data analysis review. Biochar, 2, 421-438. https://
doi.org/10.1007/s42773-020-00067-x

60.  Jaiswal, A.K., Alkan, N., Elad, Y., Sela, N., Philosoph, 
A.M., Graber, E.R., & Frenkel, O. 2020. Molecular 
insights into biochar-mediated plant growth pro-
motion and systemic resistance in tomato against 
Fusarium crown and root rot disease. Scientific 
Reports, 10:13934. https://dx.doi.org/ 10.1038/ s41598-
020-70882-6

61.  Jeffery, S., Abalos, D., Spokas, K.A., & Verheijen, 
F.G.A. (2015) Biochar effects on crop yield. 
In J. Lehmann & S. Joseph (Eds.), Biochar for 
Environmental Management: Science, Technology and 
Implementation. (pp. 301-325). Taylor and Francis, 
London, UK.

62.  Jindo, K., Audette, Y., Higashikawa, F.S., Silva, 
C.A., Akashi, K., Mastrolonardo, G., San-
chez-Monedero, M.A., & Mondini, C. (2020). Role 
of biochar in promoting circular economy in the 
agriculture sector. Part 1: A review of the biochar 
roles in soil N, P and K cycles. Chemical and 
Biological Technologies in Agriculture, 7, 15. https://
dx.doi.org/ 10.1186/ s40538-020-00182-8

63.  Joseph, S.D., Camps-Arbestain, M., Lin, Y., 
Munroe, P., Chia, C.H., Hook, J., van Zwieten, L., 
Kimber, S., Cowie, A., Singh, B.P. Lehmann, J., 
Foidl, N., Smernik, R.J., & Amonette, J.E. (2010). 
An investigation into the reactions of biochar in 
soil. Soil Research. 48(7), 501–515. https://doi.org/ 
10.1071/ SR10009

64.  Joseph, S., Cowie, A.L., Van Zwieten, L., Bolan, 
N., Budai, A., Buss, W., Cayuela, M.L., Graber, 
E.R., Ippolito, J., Kuzyakov, Y., Luo, Y., Ok, Y.S., 
Palansooriya, K.N., Shepherd, J., Stephens, S., 
Weng, Z.H., & Lehmann, J. (2021). How biochar 
works, and when it doesn’t: A review of mech-
anisms controlling soil and plant responses to 
biochar. Global Change Biology Bioenergy (accepted, 
unformatted version posted online 27 July 2021) 
https://dx.doi.org/10.1111/gcbb.12885

65.  Kauffman, J.B. (1990). Ecological relationships of 
vegetation and fire in Pacific Northwest forests. In 
J. Walstad, et al. (Ed.), Natural and Prescribed Fire in 
Pacific Northwest forests. (pp. 39-52). Oregon State 
University Press, Corvallis.

66.  Kerré, B., Bravo, C.T., Leifeld, J., Cornelissen, G., 
& Smolders, E. (2016). Historical soil amendment 
with charcoal increases sequestration of non-char-
coal carbon: a comparison among methods of 
black carbon quantification. European Journal of 
Soil Science 67, 324-331. https://dx.doi.org/ 10.1111/ 
ejss.12338

67.  Laird, D. & Rogovska, N. (2015). Biochar effects 
on nutrient leaching. In J. Lehmann & S. Joseph 
(Eds.), Biochar for Environmental Management: 
Science, Technology and Implementation. (pp. 521-
542). Taylor and Francis, London, UK.

Biomass to Biochar | Maximizing the Carbon Value20 | Chapter 1

https://dx.doi.org/10.1007/s10980-015-0218-0
https://dx.doi.org/10.1007/s10980-015-0218-0
https://apps.ecology.wa.gov/publications/documents/1907027.pdf
https://apps.ecology.wa.gov/publications/documents/1907027.pdf
https://apps.ecology.wa.gov/publications/documents/1907027.pdf
https://dx.doi.org/10.1007/s11368-016-1360-2
https://dx.doi.org/10.1007/s11368-016-1360-2
https://www.biochar-international.org/wp-content/uploads/2018/04/Guiding_Principles_Sustainable_Biochar.pdf
https://www.biochar-international.org/wp-content/uploads/2018/04/Guiding_Principles_Sustainable_Biochar.pdf
https://www.biochar-international.org/wp-content/uploads/2018/04/Guiding_Principles_Sustainable_Biochar.pdf
https://doi.org/10.1007/s42773-020-00067-x
https://doi.org/10.1007/s42773-020-00067-x
https://dx.doi.org/10.1038/s41598-020-70882-6
https://dx.doi.org/10.1038/s41598-020-70882-6
https://dx.doi.org/10.1186/s40538-020-00182-8
https://dx.doi.org/10.1186/s40538-020-00182-8
https://doi.org/10.1071/SR10009
https://doi.org/10.1071/SR10009
https://dx.doi.org/10.1111/gcbb.12885
https://dx.doi.org/10.1111/ejss.12338
https://dx.doi.org/10.1111/ejss.12338


68.  Lal, R. (2020). Regenerative agriculture for food 
and climate. Journal of Soil and Water Conserva-
tion, 75, 123A-124A. https://dx.doi.org/10.2489/
jswc.2020.0620A

69.  Lehmann, J., Gaunt, J., & Rondon, M. (2006). 
Bio-char sequestration in terrestrial ecosystems: 
a review. Mitigation and Adaptation Strategies 
for Global Change 11, 403–427.  https://doi.org/ 
10.1007/ s11027-005-9006-5

70.  Lehmann, J. & Joseph, S. (Eds.) (2015). Biochar 
for Environmental Management: Science, Technology 
and Implementation (2nd ed.) London & New York: 
Routledge.

71.  Lehmann, J., Abiven, S., Kleber, M., Pan, G-X., 
Singh, B.P., Sohi, S.P., & Zimmerman, A.R. (2015). 
Persistence of biochar in soil. In J. Lehmann & S. 
Joseph (Eds.), Biochar for Environmental Manage-
ment: Science, Technology and Implementation. (pp. 
235-282). Taylor and Francis, London, UK.

72.  Li, Y., Hu, S., Chen, J., Müller, K., Li, Y., Fu, W., 
Lin, Z., & Wang, H. (2018). Effects of biochar 
application in forest ecosystems on soil properties 
and greenhouse gas emissions: A review. J Soils 
Sediments 18, 546–563. https://doi.org/10.1007/
s11368-017-1906-y

73.  Lone, A.H., Najar, G.R., Ganie, M.A., Sofi, J.A. & 
Ali, T. (2015). Biochar for sustainable soil health: 
A review of prospects and concerns. Pedosphere, 
25, 639-653. https://dx.doi.org/ 10.1016/ S1002-
0160(15)30045-X

74.  Lu, H., Bian, R-J., Xia, X., Cheng, K., Liu, X-Y., 
Liu, Y-L., Wang, P., Li, Z., Zheng, J-F., Zhang, 
X-H., Li, L-Q., Joseph, S., Drosos, M., & Pan, G-X. 
(2020). Legacy of soil health improvement with 
carbon increase following one time amendment 
of biochar in a paddy soil – A rice farm trial. 
Geoderma, 376, 114567. https://dx.doi.org/ 10.1016/ 
j.geoderma.2020.114567

75.  Masiello, C.A., Dugan, B., Brewer, C.E., Spokas, 
K.A., Novak, J.M., Liu, Z-L., & Sorrenti, G. (2015). 
Biochar effects on soil hydrology. In J. Lehmann & 
S. Joseph (Eds.), Biochar for Environmental Manage-
ment: Science, Technology and Implementation. (pp. 
543-562). Taylor and Francis, London, UK. 

76.  May, C., Luce, C., Casola, J., Chang, M., Cuhaci-
yan, J., Dalton, M., Lowe, S., Morishima, G., Mote, 
P., Petersen, A., Roesch-McNally, G., & York, E. 
(2018). Northwest. In D.R. Reidmiller et al. (Eds.) 
Impacts, Risks, and Adaptation in the United States: 
Fourth National Climate Assessment, Volume II. U.S. 
Global Change Research Program, Washington, 
DC, USA, pp. 1036–1100. https://doi.org/10.7930/
NCA4.2018.CH24

77.  Miles, T.R., T.R. Miles, Technical Consultants & 
U.S. Biochar Initiative, personal communication. 
2020.

78.  Minasny, B. & McBratney, A.B. (2018). Limited 
effect of organic matter on soil available water 
capacity. Eur. J. Soil Sci., 69, 39-47. https://dx.doi.org/ 
10.1111/ ejss.12475

79.  NASEM (2019). Negative Emissions Technologies and 
Reliable Sequestration: A Research Agenda. National 
Academies of Sciences, Engineering, and Medi-
cine. Washington, DC: The National Academies 
Press. https://doi.org/10.17226/25259.

80.  NOAA-NCEI. (2020). Assessing the Climate in June 
2020. U.S. Department of Commerce, National 
Oceanic and Atmospheric Administration, 
National Centers for Environmental Information. 
Published July 8, 2020. https:// www.ncei.noaa.gov/ 
news/ national-climate-202006

81.  NOAA-NCEI (2021). Billion-Dollar Weather and 
Climate Disasters: Events. U.S. Department of 
Commerce, National Oceanic and Atmospheric 
Administration, National Centers for Environ-
mental Information. https://www.ncdc.noaa.gov/
billions/events/US/2020. accessed 15 Feb 2021.

82.  NOAA-ESRL (2021). For January 2021, the average 
concentration of CO2 in the atmosphere at the 
Mauna Loa Observatory in Hawaii was 415.52 
ppm (https://www.esrl.noaa.gov/gmd/ccgg/trends/ 
accessed 13 Feb 2021. This value can be converted 
to Gt CO2 by multiplying by a factor of 2.13 
(https://cdiac.ess-dive.lbl.gov/pns/convert.html ).

83.  Nolte, C.G., Dolwick, P.D., Fann, N., Horowitz, 
L.W., Naik, V., Pinder, R.W., Spero, T.L., Winner, 
D.A., & Ziska, L.H. (2018). Air Quality. In D.R. Reid-
miller et al. (Eds.) Impacts, Risks, and Adaptation in 
the United States: Fourth National Climate Assessment, 
Volume II. U.S. Global Change Research Program, 
Washington, DC, USA, pp. 512–538. https://doi.org/ 
10.7930/ NCA4.2018.CH13

Chapter 1: Introduction  | 21

https://dx.doi.org/10.2489/jswc.2020.0620A
https://dx.doi.org/10.2489/jswc.2020.0620A
https://doi.org/10.1007/s11027-005-9006-5
https://doi.org/10.1007/s11027-005-9006-5
https://doi.org/10.1007/s11368-017-1906-y
https://doi.org/10.1007/s11368-017-1906-y
https://dx.doi.org/10.1016/S1002-0160(15)30045-X
https://dx.doi.org/10.1016/S1002-0160(15)30045-X
https://dx.doi.org/10.1016/j.geoderma.2020.114567
https://dx.doi.org/10.1016/j.geoderma.2020.114567
https://doi.org/10.7930/NCA4.2018.CH24
https://doi.org/10.7930/NCA4.2018.CH24
https://dx.doi.org/10.1111/ejss.12475
https://dx.doi.org/10.1111/ejss.12475
https://doi.org/10.17226/25259
https://www.ncei.noaa.gov/news/national-climate-202006.
https://www.ncei.noaa.gov/news/national-climate-202006
https://www.ncei.noaa.gov/news/national-climate-202006
https://www.ncdc.noaa.gov/billions/events/US/2020
https://www.ncdc.noaa.gov/billions/events/US/2020
https://www.esrl.noaa.gov/gmd/ccgg/trends/
https://cdiac.ess-dive.lbl.gov/pns/convert.html
https://doi.org/10.7930/NCA4.2018.CH13
https://doi.org/10.7930/NCA4.2018.CH13


84.  O’Connor, D., Peng, T., Zhang, J., Tsang, D.C.W., 
Alessi, D.S., Shen, Z., Bolan, N.S., & Hou, D. (2018). 
Biochar application for the remediation of heavy 
metal polluted land: A review of in situ field trials. 
Sci. Total Environ., 619, 815–826. https://doi.org/ 
10.1016/ j.scitotenv.2017.11.132

85.  Olsson, L., Barbosa, H., Bhadwal, S., Cowie, 
A., Delusca, K., Flores-Renteria, D., Hermans, 
K., Jobbagy, E., Kurz, W., Li, D., Sonwa, D.J., & 
Stringer, L. (2019). Land degradation. Chpt. 4 
In P.R. Shukla et al. (Eds.) Climate Change and 
Land: An IPCC Special Report on Climate Change, 
Desertification, Land Degradation, Sustainable Land 
Management, Food Security, and Greenhouse Gas 
Fluxes in Terrestrial Ecosystems. pp. 345-436. https://
www.ipcc.ch/site/assets/uploads/sites/4/ 2019/ 11/ 
07_Chapter-4.pdf accessed 07 Mar 2021.

86.  Omondi, M.O., Xia, X., Nahayo, A., Liu, X., 
Korai, P.K., & Pan, G. (2016). Quantification of 
biochar effects on soil hydrological properties 
using meta-analysis of literature data. Geoderma 
274, 28-34. https://dx.doi.org/ 10.1016/ j.geoderma. 
2016.03.029

87.  Pacific Biochar. (2020). Pacific biochar lands first 
U.S. biochar carbon sink credits. December 17, 
2020. https://pacificbiochar.com/ first- biochar- carbon- 
credits/ accessed 13 Jul 2021.

88.  Palviainen, M., Aaltonen, H., Laurén, A., Köster, 
K., Berninger, F., Ojala, A., & Pumpanen, J. (2020). 
Biochar amendment increases tree growth in 
nutrient-poor, young Scots pine stands in Finland. 
Forest Ecology and Management, 474, 118362. 
https://doi.org/ 10.1016/ j.foreco.2020.118362

89.  Pan, Y-D., Birdsey, R.A., Fang, J-Y., Houghton, R., 
Kauppi, P.E., Kurz, W.A., Phillips, O.L., Shvidenko, 
A., Lewis, S.L., Canadell, J.G., Ciais, P., Jackson, 
R.B., Pacala, S.W., McGuire, A.D., Piao, S-L., 
Rautiainen, A., Sitch, S., & Hayes, D. (2011). A 
large and persistent carbon sink in the world’s 
forests. Science, 333, 988-993. https://dx.doi.org/ 
10.1126/ science.1201609

90.  Pan, Y-D., Birdsey, R.A., Phillips, O.L., & Jackson, 
R.B. (2013). The structure, distribution, and 
biomass of the World’s forests. Annual Review of 
Ecology, Evolution, and Systematics, 44, 593-622. 
https://dx.doi.org/ 10.1146/ annurev- ecolsys- 110512- 
135914

91.  Powlson, D.S., Whitmore, A.P., & Goulding, 
K.W.T. (2011). Soil carbon sequestration to 
mitigate climate change: a critical re-examination 
to identify the true and the false. Eur. J. Soil Sci. 
62, 42–55. https://dx.doi.org/10.1111/j.1365-
2389.2010.01342.x

92.  Ravi, V., Gao, A.H., Martinkus, N.B., Wolcott, 
M.P., & Lamb, B.K. (2018). Air quality and health 
impacts of an aviation biofuel supply chain using 
forest residue in the Northwestern United States. 
Environmental Science & Technology 52, 4154-4162. 
https://dx.doi.org/10.1021/acs.est.7b04860

93.  Razzaghi, F., Obour, P. B., & Arthur, E. (2020). 
Does biochar improve soil water retention? A 
systematic review and meta-analysis. Geoderma 
361, 114055. https://dx.doi.org/10.1016/j.
geoderma.2019.114055.

94.  Roberts, K.G., Gloy, B.A., Joseph, S., Scott, N.R., 
& Lehmann, J. (2010). Life cycle assessment 
of biochar systems: Estimating the energetic, 
economic, and climate change potential. 
Environmental Science & Technology, 44(2), 827-833. 
https://doi.org/10.1021/es902266r

95.  Sahoo, K., Upadhyay, A., Runge, T., Bergman, 
R., Puettmann, M., & Bilek, E. (2021). Life-cycle 
assessment and techno-economic analysis of 
biochar produced from forest residues using 
portable systems. The International Journal of 
Life Cycle Assessment 26, 189-213. https://dx.doi.
org/10.1007/s11367-020-01830-9 

96.  Sarauer, J.L., Page-Dumroese, D.S., & Coleman, 
M.D. (2019). Soil greenhouse gas, carbon content, 
and tree growth response to biochar amendment 
in western United States forests. Global Change 
Biology Bioenergy, 11(5), 660-671. https://doi.org/ 
10.1111/ gcbb.12595

97.  Scharlemann, J.P.W., Tanner, E.V.J., Hiederer, R., & 
Kapos, V. (2014). Global soil carbon: understanding 
and managing the largest terrestrial carbon pool. 
Carbon Management, 5:81-91. https://dx.doi.org/ 
10.4155/ CMT.13.77

98.  Shackley, S., Clare, A., Joseph, S., McCarl, B.A., 
& Schmidt, H-P. (2015). Economic evaluation of 
biochar systems: current evidence and challenges. 
In J. Lehmann & S. Joseph (Eds.), Biochar for 
Environmental Management: Science, Technology and 
Implementation. (pp. 813-851). Taylor and Francis, 
London, UK.

Biomass to Biochar | Maximizing the Carbon Value22 | Chapter 1

https://doi.org/10.1016/j.scitotenv.2017.11.132
https://doi.org/10.1016/j.scitotenv.2017.11.132
https://www.ipcc.ch/site/assets/uploads/sites/4/2019/11/07_Chapter-4.pdf
https://www.ipcc.ch/site/assets/uploads/sites/4/2019/11/07_Chapter-4.pdf
https://www.ipcc.ch/site/assets/uploads/sites/4/2019/11/07_Chapter-4.pdf
https://dx.doi.org/10.1016/j.geoderma.2016.03.029
https://dx.doi.org/10.1016/j.geoderma.2016.03.029
https://pacificbiochar.com/first-biochar-carbon-credits/
https://pacificbiochar.com/first-biochar-carbon-credits/
https://doi.org/10.1016/j.foreco.2020.118362
https://dx.doi.org/10.1126/science.1201609
https://dx.doi.org/10.1126/science.1201609
https://dx.doi.org/10.1146/annurev-ecolsys-110512-135914
https://dx.doi.org/10.1146/annurev-ecolsys-110512-135914
https://dx.doi.org/10.1111/j.1365-2389.2010.01342.x
https://dx.doi.org/10.1111/j.1365-2389.2010.01342.x
https://dx.doi.org/10.1021/acs.est.7b04860
https://dx.doi.org/10.1016/j.geoderma.2019.114055
https://dx.doi.org/10.1016/j.geoderma.2019.114055
https://doi.org/10.1021/es902266r
https://dx.doi.org/10.1007/s11367-020-01830-9
https://dx.doi.org/10.1007/s11367-020-01830-9
https://doi.org/10.1111/gcbb.12595
https://doi.org/10.1111/gcbb.12595
https://dx.doi.org/10.4155/CMT.13.77
https://dx.doi.org/10.4155/CMT.13.77


99.  Singh, B.P. & Cowie, A.L. (2014). Long-term 
influence of biochar on native organic carbon 
mineralisation in a low-carbon clayey soil. Scien-
tific Reports, 4, 3687. https://dx.doi.org/ 10.1038/ 
srep03687

100.  Slavich, P.G., Sinclair, K., Morris, S.G., Kimber, 
S.W.L., Downie, A., & Van Zwieten, L. (2013). 
Contrasting effects of manure and green waste 
biochars on the properties of an acidic ferralsol 
and productivity of a subtropical pasture. Plant 
& Soil, 366, 213-227. https://dx.doi.org/10.1007/
s11104-012-1412-3

101.  Smith, P., Davis, S.J., Creutzig, F., Fuss, S., Minx, 
J., Gabrielle, B., Kato, E., Jackson, R.B., Cowie, A., 
Kriegler, E., van Vuuren, D.P., Rogelj, J., Ciais, P., 
Milne, J., Canadell, J.G., McCollum, D., Peters, G., 
Andrew, R., Krey, V., Shrestha, G., Friedlingstein, 
P., Gasser, T., Grübler, A., Heidug, W.K., Jonas, 
M., Jones, C.D., Kraxner, F., Littleton, E., Lowe, J., 
Moreira, J.R., Nakicenovic, N., Obersteiner, M., 
Patwardhan, A., Rogner, M., Rubin, E., Sharifi, 
A., Torvanger, A., Yamagata, Y., Edmonds, J., & 
Yongsung, C. (2015). Biophysical and economic 
limits to negative CO2 emissions. Nature Climate 
Change, 6, 42-50. https://dx.doi.org/10.1038/
NCLIMATE2870

102.  Smith, P. (2016). Soil carbon sequestration and 
biochar as negative emission technologies. 
Global Change Biology 22:1315-1324. https://
dx.doi.org/ 10.1111/ gcb.13178

103.  Smith, P., Martino, D., Cai, Z., Gwary, D., Janzen, 
H., Kumar, P., McCarl, B., Ogle, S., O’Mara, F., 
Rice, C., Scholes, B., Sirotenko, O., Howden, 
M., McAllister, T., Pan, G., Romanenkov, V., 
Schneider, U., Towprayoon, S., Wattenbach, M., 
& Smith, J. (2008). Greenhouse gas mitigation in 
agriculture. Philosophical Transactions of the Royal 
Society B: Biological Sciences, 363(1492), 789–813. 
https://dx.doi.org/10.1098/rstb.2007.2184

104.  Sohi, S.P., Krull, E., Lopez-Capel, E., & Bol, 
R. (2010). A review of biochar and its use 
and function in soil. Advances in Agronomy, 
105, 47-82. https://dx.doi.org/ 10.1016/ S0065-
2113(10)05002-9

105.  Sorrenti, G. & Toselli, M. (2016). Soil leaching 
as affected by the amendment with biochar 
and compost. Agriculture Ecosystems & 
Environment, 226, 56-64. https://doi.org/ 10.1016/ 
j.agee.2016.04.024

106.  Spokas, K.A., Cantrell, K.B., Novak, J.M., Archer, 
D.W., Ippolito, J.A., Collins, H.P., Boateng, 
A.A., Lima, I.M., Lamb, M.C., McAloon, A.J., 
Lentz, O.D., & Nichols, K.A. (2012). Biochar: A 
synthesis of its agronomic impact beyond carbon 
sequestration. Journal of Environmental Quality. 
41(4), 973-989. https://dx.doi.org/ 10.2134/ 
jeq2011.0069

107.  Tan, Z.X., Lin, C.S.K., Ji, X.Y., & Rainey, T.J. 
(2017). Returning biochar to fields: A review. 
Applied Soil Ecology, 116, 1-11. https://dx.doi.org/ 
10.1016/ j.apsoil.2017.03.017

108.  Thies, J.E., Rillig, M.C., & Graber, E.R. (2015). 
Biochar effects on the abundance, activity and 
diversity of the soil biota. In J. Lehmann & S. 
Joseph (Eds.), Biochar for Environmental Manage-
ment: Science, Technology and Implementation. (pp. 
327-389). Taylor and Francis, London, UK.

109.  Thomas, S.C. & Gale, N. (2015). Biochar and 
forest restoration: a review and meta-analysis of 
tree growth responses. New Forests 46, 931–946. 
https://doi.org/10.1007/s11056-015-9491-7

110.  Totsche, K.U., Amelung, W., Gerzabek, M.H., 
Guggenberger, G., Klumpp, E., Knief, C., Lehn-
dorff, E., Mikutta, R., Peth, S., Prechter, A., Ray, 
N., & Kogel-Knabner, I. (2018). Microaggregates 
in soils. J. Plant Nutr. Soil Sci. 181:104-136. https://
dx.doi.org/ 10.1002/ jpln.201600451 

111.  USBI (2020). Proposed USBI soil carbon amend-
ment farm trials. https://biochar-us.org/ news/ 
proposed-usbi-soil-carbon-amendment-farm-trials 
accessed 23 Jun 2021.

112.  USDA (2018). Rural America at a Glance. 
Economic Information Bulletin 200, 
November 2018. United States Department of 
Agriculture, Economic Research Service. https://
www.ers.usda.gov/ webdocs/ publications/ 90556/ 
eib-200.pdf accessed 28 Aug 2021

113.  USDOE (2016). 2016 Billion-Ton Report: Advancing 
Domestic Resources for a Thriving Bioeconomy, 
Volume 1: Economic Availability of Feedstocks. 
M. H. Langholtz, B. J. Stokes, and L. M. Eaton 
(Leads), ORNL/TM-2016/160. Oak Ridge 
National Laboratory, Oak Ridge, TN. 448p. doi: 
10.2172/1271651. http://energy.gov/ eere/ bioenergy/ 
2016-billion-ton-report accessed 07 Mar 2021.

Chapter 1: Introduction  | 23

https://dx.doi.org/10.1038/srep03687
https://dx.doi.org/10.1038/srep03687
https://dx.doi.org/10.1007/s11104-012-1412-3
https://dx.doi.org/10.1007/s11104-012-1412-3
https://dx.doi.org/10.1038/NCLIMATE2870
https://dx.doi.org/10.1038/NCLIMATE2870
https://dx.doi.org/10.1111/gcb.13178
https://dx.doi.org/10.1111/gcb.13178
https://dx.doi.org/10.1098/rstb.2007.2184
https://dx.doi.org/10.1016/S0065-2113(10)05002-9
https://dx.doi.org/10.1016/S0065-2113(10)05002-9
https://doi.org/10.1016/j.agee.2016.04.024
https://doi.org/10.1016/j.agee.2016.04.024
https://dx.doi.org/10.2134/jeq2011.0069
https://dx.doi.org/10.2134/jeq2011.0069
https://dx.doi.org/10.1016/j.apsoil.2017.03.017
https://dx.doi.org/10.1016/j.apsoil.2017.03.017
https://doi.org/10.1007/s11056-015-9491-7
https://dx.doi.org/10.1002/jpln.201600451
https://dx.doi.org/10.1002/jpln.201600451
https://biochar-us.org/news/proposed-usbi-soil-carbon-amendment-farm-trials
https://biochar-us.org/news/proposed-usbi-soil-carbon-amendment-farm-trials
https://www.ers.usda.gov/webdocs/publications/90556/eib-200.pdf
https://www.ers.usda.gov/webdocs/publications/90556/eib-200.pdf
https://www.ers.usda.gov/webdocs/publications/90556/eib-200.pdf
http://energy.gov/eere/bioenergy/2016-billion-ton-report
http://energy.gov/eere/bioenergy/2016-billion-ton-report


114.  USEIA (2021). Monthly Biomass Densified Fuel 
Report. Table 3. Feedstocks and average cost per ton for 
the manufacture of densified biomass products, 2020 
(data through October 2020). https://www.eia.gov/ 
biofuels/ biomass/ #table_data accessed 16 Feb 2021.

115.  van Zyl, A. (2020). Use of Biochar in Asphalt: 
An Enormous Carbon Sequestration Opportunity. 
Presentation given at Scaling Biochar Forum 
(https://www.scalingbiochar.com/), October 14, 
2020. https://youtu.be/sAddAfqCn-4 accessed 27 
Feb 2021.

116.  Verisk (2019). Wildfire Risk Analysis. https://www.
verisk.com/insurance/campaigns/location-fireline-
state-risk-report/ accessed 05 Nov 2020.

117.  WA DNR (2020). 20 Year Forest Health Stra-
tegic Plan Eastern Washington. Washington 
Department of Natural Resources. https:// 
www.dnr.wa.gov/ publications/ rp_forest_health_20_
year_ strategic_plan.pdf accessed 05 Nov 2020.

118.  Wang Q-K, Wang S-L, Deng S-J. (2005). Com-
parative study on active soil organic matter in 
Chinese fir plantation and native broad-leaved 
forest in subtropical China. Journal of Forestry 
Research, 16, 23-26. https://dx.doi.org/ 10.1007/ 
BF02856848

119.  Weng, Z.H., Van Zwieten, L., Singh, B.P., Tavak-
koli, E., Joseph, S., Macdonald, L.M., Rose, T.J., 
Rose, M.T., Kimber, S.W., Morris, S., & Cozzolino, 
D. (2017). Biochar built soil carbon over a decade 
by stabilizing rhizodeposits. Nature Climate 
Change, 7(5), 371-376. https://dx.doi.org/ 10.1038/ 
NCLIMATE3276

120.  Whitman, T., Scholz, S.M., & Lehmann, J. (2010). 
Biochar projects for mitigating climate change: 
an investigation of critical methodology issues 
for carbon accounting. Carbon Management, 1, 
89-107. https://dx.doi.org/ 10.4155/ cmt.10.4

121.  Woolf, D., Amonette, J.E., Street-Perrott, F.A., 
Lehmann, J., & Joseph, S. (2010). Sustainable 
biochar to mitigate global climate change. Nature 
Communications, 1, 56. https://dx.doi.org/ 10.1038/ 
ncomms1053 

122.  Woolf, D. & Lehmann, J. 2012. Modelling the 
long-term response to positive and negative 
priming of soil organic carbon by black carbon. 
Biogeochemistry, 111, 83-95. https://dx.doi.org/ 
10.1007/ s10533-012-9764-6

123.  Yorgey, G.G., Kruger, C.E., Collins, H.P., Frear, 
C., Huggins, D.R., MacConnell, C., & Painter, K. 
(2010). Bioenergy as an agricultural greenhouse 
gas mitigation strategy in Washington State. 
Chapter 22 In Kruger, C., Yorgey, G., Chen, H., 
Collins, H., Feise, C., Frear, C., Granatstein, 
D., Higgins, D., MacConnell, C., Painter, K., & 
Stöckle, C. Climate Friendly Farming: Improving 
the Carbon Footprint of Agriculture in the Pacific 
Northwest. CSANR Research Report 2010-
001. Washington State University, Pullman, 
WA. https://csanr.wsu.edu/ program-areas/ 
climate- friendly- farming/climate- friendly- farming- 
final-report/

124.  Zeidabadi, Z.A., Bakhtiari, S., Abbaslou, H., & 
Ghanizadeh, A.R. (2018). Synthesis, char-
acterization and evaluation of biochar from 
agricultural waste biomass for use in building 
materials. Construction and Building Materials, 
181, 301-308. https://dx.doi.org/ 10.1016/ 
j.conbuildmat.2018.05.271

125.  Zhang, J., Amonette, J.E., & Flury, M. (2021). 
Effect of biochar and biochar particle size on 
plant-available water of sand, silt loam, and clay 
soil. Soil & Tillage Research, 212, 104992. https://
dx.doi.org/ 10.1016/ j.still.2021.104992

126.  Zhao, S., Huang, B-S., Shu, X., & Ye, P. (2014). 
Laboratory investigation of biochar-modified 
asphalt mixture. Transportation Research Record: 
Journal of the Transportation Research Board, 2445, 
56-63. https://dx.doi.org/ 10.3141/ 2445-07

127.  Zhou, X., Josey, K., Kamareddine, L., Caine, 
M.C., Liu, T., Mickley, L.J., Cooper, M., & Domi-
nici, F. (2021). Excess of COVID-19 cases and 
deaths due to fine particulate matter exposure 
during the 2020 wildfires in the United States. 
Science Advances 7(33). https://doi.org/10.1126/
sciadv.abi8789

128.  Zhu, L., Lei, H., Zhang, Y., Zhang, X., Bu, Q., Wei 
Y., Wang, L., Yadavalli, G., & Villota, E. (2018). 
A review of biochar derived from pyrolysis and 
its application in biofuel production. Science Fore-
cast Journal of Material & Chemical Engineering, 
1(1), 1007. https://scienceforecastoa.com/ Articles/ 
SJMCE-V1-E1-1007.pdf

129.  Zimmerman, A.R., Gao, B., & Ahn, M.-Y. 
(2011). Positive and negative carbon miner-
alization priming effects among a variety of 
biochar-amended soils. Soil Biology & Biochem-
istry, 43, 1169–1179. https://dx.doi.org/ 10.1016/ 
j.soilbio.2011.02.005

Biomass to Biochar | Maximizing the Carbon Value24 | Chapter 1

https://www.scalingbiochar.com/
https://youtu.be/sAddAfqCn-4
https://www.verisk.com/insurance/campaigns/location-fireline-state-risk-report/
https://www.verisk.com/insurance/campaigns/location-fireline-state-risk-report/
https://www.verisk.com/insurance/campaigns/location-fireline-state-risk-report/
https://www.dnr.wa.gov/publications/rp_forest_health_20_year_strategic_plan.pdf
https://www.dnr.wa.gov/publications/rp_forest_health_20_year_strategic_plan.pdf
https://www.dnr.wa.gov/publications/rp_forest_health_20_year_strategic_plan.pdf
https://dx.doi.org/10.1007/BF02856848
https://dx.doi.org/10.1007/BF02856848
https://dx.doi.org/10.1038/NCLIMATE3276
https://dx.doi.org/10.1038/NCLIMATE3276
https://dx.doi.org/10.4155/cmt.10.4
https://dx.doi.org/10.1038/ncomms1053
https://dx.doi.org/10.1038/ncomms1053
https://dx.doi.org/10.1007/s10533-012-9764-6
https://dx.doi.org/10.1007/s10533-012-9764-6
https://csanr.wsu.edu/program-areas/climate-friendly-farming/climate-friendly-farming-final-report/
https://csanr.wsu.edu/program-areas/climate-friendly-farming/climate-friendly-farming-final-report/
https://csanr.wsu.edu/program-areas/climate-friendly-farming/climate-friendly-farming-final-report/
https://dx.doi.org/10.1016/j.conbuildmat.2018.05.271
https://dx.doi.org/10.1016/j.conbuildmat.2018.05.271
https://dx.doi.org/10.1016/j.still.2021.104992
https://dx.doi.org/10.1016/j.still.2021.104992
https://dx.doi.org/10.3141/2445-07
https://doi.org/10.1126/sciadv.abi8789
https://doi.org/10.1126/sciadv.abi8789
https://scienceforecastoa.com/Articles/SJMCE-V1-E1-1007.pdf
https://scienceforecastoa.com/Articles/SJMCE-V1-E1-1007.pdf
https://dx.doi.org/10.1016/j.soilbio.2011.02.005
https://dx.doi.org/10.1016/j.soilbio.2011.02.005

	Chapter 1: Introduction
	Background
	Vision and Potential
	Climate Change Mitigation
	Wildfire Risk Reduction and Forest Health Improvement
	Soil Health and Ecosystem Services 
	Revitalizing Rural Communities
	Capturing Monetary Value in Biochar Systems

	References



