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Abstract: The state of California could play an important role in emerging markets for biochar, due in 
part to the availability of low-value biomass resources and their potential for use in agriculture sector. In 
this study, we assess the scale of production and use, and comment on potential markets for biochar 
in California. We explore various sectors for the application of biochar produced from local biomass 
using surveys and a market-sizing approach. A market-oriented approach for biochar innovation and 
the ecosystem around a biochar producer is also discussed. Next, we identify barriers to biochar market 
success in the present and the near future based on a survey of local producers. Among the barriers 
analyzed, access to capital investment for scale-up is the biggest barrier experienced by a majority of 
producers, followed by market and demand. When grouped under different categories, the extent of 
barriers decreased in the order: market > scale-up > technical > socio-political > environmental. Most 
producers anticipate that revenues from carbon offset credits would help them scale up their facilities 
and expand the biochar market. In the near future, soil-based applications of biochar could be the most 
likely market for biochar, followed by filtration, livestock feed, and manure management. As the industry 
evolves, rewarding carbon credits, increasing awareness and improving production processes are 
expected to help commercialize biochar. Finally, we offer recommendations to promote the growth of 
biochar in California. © 2021 Society of Chemical Industry and John Wiley & Sons, Ltd 

Supporting information may be found in the online version of this article. 
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Introduction 

B
iochar is primarily obtained from the thermochemical 
conversion of biomass in an oxygen-limited 
environment, and technically defined as a carbon-

rich solid material having organic carbon greater than 
10% and molar hydrogen-to-organic-carbon ratio of less 
than 0.7.1,2 It is a promising product in the food, soil, and 
agricultural sectors because of its composition and properties 
of retaining moisture and nutrients, and improving soil 
quality.3 Furthermore, this carbon-rich solid product can 
easily endure in soil for decades to centuries, making it a 
potential candidate to address issues of energy and climate 
change.4,5 After the Paris Agreement in 2016, biochar as 
well as bioenergy with carbon capture and storage (BECCS), 
have been widely presented as potential solutions that could 
contribute to the reduction of global warming.6 A recent 
special report of the IPCC has included biochar as one of the 
top six negative emission technologies in terms of achievable 
scale,7 with annual carbon sequestration potential of around 

8,90.7–1.8 Gt CO2-Ce.
Biochar has received considerable attention in the 

literature during the last decade with numerous reports 
and publications focusing on ‘biochar production’, ‘biochar 
and climate change’, ‘soil quality and plant growth’, ‘organic 

10pollutants removal’, and ‘heavy metals immobilization’. 
Considering the expected benefits and the potential 
availability of residual biomass in the world, many start
ups and investors are interested to explore the biochar 
market. However, several challenges have been reported, 
ranging from procuring consistent feedstock and selecting 
appropriate technology to the affordability and the demand 
of specific biochars.11 As an emerging industry with 
applications in diverse sectors, there is a need to develop 
markets, policies, and appropriate ecosystems including 
a trade association for this multidimensional product. 
The International Biochar Initiative (IBI), established in 
2006, has been working to create standards, coherence, 
and support for good industry practice, including a 
certification system designed to delineate a transparent and 
sustainable future for biochar.12 As of 2015, the initiative 
has collaborated with 326 companies, up from 175 in 
2013, showing a rapid increase in participation in the 
biochar field.1 The United States Biochar Initiative (USBI), 
established in 2009, is working in parallel with the IBI, but 
with a specific focus on North America. 

Numerous market research reports have been published 
over the past 5 years, covering various aspects of the biochar 
industry at regional and global levels. While there are 
different estimates of the total revenue, these reports have 

projected the global biochar market to grow at a compound 
annual growth rate (CAGR) of 13–17% during 2019–2025, 
mainly because of increasing food demand and the role 
of biochar in enhancing soil quality.13–15 A recent report 
estimated the biochar market to grow with a CAGR of 13.6% 
by revenue, and 11.2% by volume, during 2020–2028.16 The 
multi-dimensional ecosystem of biochar with respect to its 
production and application makes it a challenging task to 
identify the best market. A market for one region may not 
be replicable in other regions, and hence it is important 
to address the market issue in a geographical or a regional 
context. North America is the world’s largest market for 
biochar, primarily because of the increasing awareness of 
the long-term benefits of biochar in forestry and agriculture 
sectors along with increasing investments and environmental 
regulations. The state of California could play a pivotal role 
in the future production and application prospects of biochar 
due to the availability of large forest biomass resources and a 
conducive policy environment. 

We conduct this analysis in the context of California 
because this state is a leader in renewable energy generation 
and agricultural production in the USA. In addition, 
increased environmental regulations have generated 
commercial interest in biochar in the state. Biochar is being 
proposed by the industry proponents as one of the potential 
solutions to address climate change impacts in the state, 
such as droughts, wildfires, and highly variable weather. For 
example, the drought years from 2012 to 2016 were followed 
by an above-average wet year in 2017, which rapidly grew 
grasses and underbrush that eventually became fuel for 
record-setting fires, consuming more than 730 000 acres.17 

Biochar production offers a suitable management pathway for 
the excessive amounts of residual biomass generated in the 
forests of California. The process of biochar production can 
be energy positive, and can therefore contribute to the state’s 
renewable energy portfolio. When applied to land, biochar 
can improve water conservation and help regional farms and 
forests become more drought resilient, particularly in coarse 
soils.18 The utilization of biochar in agricultural soils can 
have long-term benefits for soil health and crop yield, helping 
increase revenues in one of California’s largest industries. 
Biochar produced from residual biomass and sequestered in 
soil also results in carbon dioxide removal (CDR), thereby 
helping California achieve its carbon neutrality goal by the 
year 2045. 

Figure 1 shows the types of land cover and the source-wise 
biomass distribution for the state of California. Most of the 
croplands is in the central region of the state surrounded 
by forestlands. California has about 25.3 million acres of 
agricultural land and about 33 million acres of forestlands.19 

http:forestlands.19
http:soils.18
http:acres.17
http:2020�2028.16
http:biochar.12
http:biochars.11
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The forest density decreases gradually from north to south 
with the southern part comprising mainly deserted land. This 
justifies the existence of several biomass power plants in the 
central and northern part of the state. Total biomass potential 
of the state is about 78 million BDT/y and the availability on 
technically sustainable basis is 35.1 million BDT/y.20 Nearly 
67% of the total biomass comes from agriculture and forestry 
sectors. This combination of attractive land cover types 
and biomass availability not only highlights the potential of 
using biomass for biochar production but also for biochar 
application within the state. 

Figure 2 shows an overview of different biochar production 
processes from different biomass sources and possible 
applications in different sectors in California. The major 
sources of biomass are agriculture, forestry, industrial, and 
residential sectors. Small-scale or farm level operators often 
employ incomplete combustion for biochar production, 
where a simple production method involves burning 
biomass in pits, and spraying water or restricting air to 
extinguish the fire. Other systematic approaches include 
smoldering combustion,21 use of flame cap kilns,22 or 
modifying boilers and furnaces for production and harvest 
of biochar.23 Pyrolysis is a process that allows for the 
near complete exclusion of oxygen, and is widely used in 
biochar production, where the heating rate and the reaction 
temperatures can shift the ratio of bio-oil to biochar, with 
lower values (<50°C/min, 300–400°C) preferring the 
biochar. The process also produces syngas, which is either 
flared or utilized to provide heat for the reactor or for drying 
the biomass. Fast pyrolysis can have the heating rates as high 

as 1000°C/min and the temperatures up to 700°C or even 
higher.24 Similarly, biomass gasification is primarily focused 
on generating more syngas at higher temperatures (700– 
850°C), and biochar produced is mostly a part of the ash-rich 
solid residue.25 A carbon-rich biochar could be produced 
through gasification at the cost of reduced syngas yield but 
caution should be taken to maintain smooth operation and 
consistent quality of syngas. Torrefaction or mild pyrolysis 
occurs in the range of 200–350°C often under atmospheric 
pressure in the partial or complete absence of oxygen, and 
produces a solid product commonly referred to as ‘torrefied 
biomass’, but in some cases (e.g., severe torrefaction (270– 
320°C, residence time>30min), oxidative torrefaction),26 

‘biochar’.27–30 Some other processes like hydrothermal 
liquefaction,31 carbonation or gasification31,32 may also be 
employed to produce biochar. Each of these processes may 
involve certain pre-processing steps to improve the overall 
performance. Similarly, the biochar obtained from these 
processes may be subjected to certain post-processing before 
specific applications. 

In this paper, we explore the potential production, 
application, and market perspectives of biochar in the state of 
California. We examine the application of biochar produced 
in the state in different sectors. The approach to innovation 
of the product and the technology in the context of biochar 
and the ecosystem around a producer is also discussed. We 
identify the barriers to biochar market based on the survey 
of local producers and field experts. Finally, we provide 
recommendations to promote a sustainable market for 
biochar in California. 

Figure 1. Land cover types in California (source: National Land Cover Database, USA) and biomass source distribution in 
California.20 

http:California.20
http:residue.25
http:higher.24
http:biochar.23
http:BDT/y.20
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Figure 2. Overview of various components involved in biochar production and applications. 

Material and methods 

Biochar producers and applications 

We prepared a list of active biochar producers and biochar 
reactor manufacturers in California in consultation with 
the United States Department of Agriculture (USDA) and 
IBI. To understand the status of the company in the biochar 
market, we contacted these producers for more information 
and then broadly categorized the companies into three phases 
with respect to biochar: Phase 1: start-up stage with a small 
prototype and business plan in place; Phase 2: small-scale 
production (<500 kg/day) on a trial basis with very limited 
sales; Phase 3: commercial-scale production (>500 kg/day) 
on a continuous basis with normal market sales (>200 tons/ 
year). 

Biochar can be produced from biomass procured from 
various sources, but major focus has been on producing it 
from easily accessible biomass in agricultural and forestry 
sectors, the primary reasons being abundant availability and 
lower risk of contamination. Pacific Biochar has estimated 
the annual production of 1.43 million BDT of biochar (85% 
carbon) from the accessible 14.3 million BDT of forest 

biomass in California.33 In this study, we considered the 
biomass from agriculture and forestry sources for producing 
biochar. The application sectors included agriculture and 
forestry, groundwater, wastewater treatment, and livestock 
feed and manure management. On a dry basis, it is possible 
to obtain biochar with up to 90% carbon and up to 50% 
mass yield under moderate pyrolysis conditions.2 Hence, 
assuming a conservative value of 20% conversion efficiency 
of accessible biomass results in annual production of 4.7 
million BDT biochar. It was assumed that each sector is 
independently able to utilize total biochar produced in 
the state. In the context of agriculture and forestry land in 
California, it is highly unlikely to have the similar biochar 
application rate throughout the state owing to different soil 
types. An average biochar application rate of 10 BDT/acre, 
based on reported values ranging from 0.4 to 20 BDT/acre, 
could be a reasonable estimate assuming its effect to last over 
at least a period of 10years.34–36 Hence, on an annual basis, 
we chose 1 BDT/acre as a conservative estimate for average 
biochar application rate. Biochar stability must be accounted 
for during calculation of carbon sequestration potential of 
biochar. Several studies report the values in the range of 
60–80% for the stability of most biochars over a period of 

http:California.33
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100years,36 and about 85–95% over a period of 20years.37 

For greenhouse gas (GHG) emission savings, we assumed 
the biochar stability to be about 100% for a period of 1 year. 
Subsequently, we performed sensitivity analysis of the impact 
of biochar in the soil, water, and waste water sectors. 

Biochar ecosystem and market barriers 
analysis 

There is a potential understanding of the biochar market 
in the soil/land amendment sector, yet the advancement 
has not been as envisioned. A desirable approach should 
involve supporting technological efforts by refocusing the 
mainstream capital markets onto addressing the needs of 
both society and the environment. We proposed a modified 
innovation approach for biochar technology and the product 
based on the Roger’s theory of Diffusion of Innovations38 

and the energy technology innovation system.39 Next, we 
identified a general ecosystem with biochar producer at 
the center but linked to a series of stakeholders ranging 
from investors to buyers through the exchange of material, 
information, money, or products. 

To understand and analyze the barriers to biochar 
market, we interviewed 20 local biochar producers and 
the associated field experts. About 75% interviews were 
conducted online using Skype/Zoom and telephone, 
whereas the remaining ones were in-person interviews. 
The list of barriers was prepared based on the literature 
review, and discussions with the personnel of USBI and 
IBI. The potential barriers include: access to capital; access 
to feedstock; low profit and high cost; competition; market 
size; consistent demand; access to labor; lack of reliable 
R&D; lack of market research or promotion; emissions, 
particulates, and waste; repair and maintenance issues; 
feedstock moisture and heterogeneity; health and safety; 
customer perceptions and knowledge; impact on food, 
wildlife, and land use; access to the site; market acceptance 
and resistance; compliance with permits and lack of policies; 
registration, trademarks or certification; technology/ 
product licensing; lack of consistent product quality. We 
used the tailored design method to design and administer 
the survey ((please see the supplementary material Part A) 
in the supplementary material).40 The primary objective 
of the survey was to understand the extent to which the 
identified factors act as a barrier for biochar market success. 
The responses for each factor were measured on the scale 
of 1–10 similar to Saaty’s analytic hierarchy process (AHP) 
scale of importance,41 and the final value for each factor was 
calculated as an arithmetic mean. The last question in the 
questionnaire requested the participants to identify the most 
preferred market for biochar in near future – say 3 years. 

Results and discussion 

Biochar producers and technology 
developers 
Table 1 shows the list of active biochar producers and the 
biochar reactor manufacturers in California. Almost all of 
them have either started as new ventures or included biochar 
in their existing products categories in the last decade. Most 
producers chose soil amendment as the primary application 
and targeted agriculture communities and home growers 
as their primary consumer. For water treatment, though 
some studies have proposed biochar as a potential filtration 
media,42,43 the carbon-based filter market is currently owned 
by activated carbon, which needs more sophisticated set-up 
and processing. Hence, very few companies like Puragen 
activated carbons (not mentioned in Table 1) are involved in 
either utilizing biochar for water treatment or as a precursor 
for activated carbons. 

Some companies may fall in Phase 3 category (>500kg/ 
day) under other product categories such as activated carbon, 
reactors, and fuels. However, for biochar production, except 
for Pacific Biochar, all other companies are either in Phase 
1 or Phase 2, with a majority in the latter phase. Some 
companies procure biochar from primary suppliers and then 
sell or distribute it after certain modifications depending 
on the target applications. For instance, Full Circle Biochar 
(now bio365 LLC), and SymSoil, Inc. are engaged in biochar 
business but they are not primary producers. Few more 
companies may exist beyond this list, especially in Phase 1 
(start-up stage), with their own or sourced technologies but 
yet to scale-up their prototypes. Depending on the technology 
and the capacity, the biochar production costs in California 
ranges from $200 to $1000 per ton, averaging about $400 for 
majority of producers. These figures corroborate with the 
values reported in literature on biochar production costs in 
the context of North America.44,45 The average market prices 
for biochar in the state varies from $600 to $1300 per ton 
($90 to $200 per cubic yard),46 and have declined significantly 
from the average price of $2850 per ton in 2013.47 These 
prices are further reduced by about 20–40% for bulk buyers 
in the range of 1–10 tons. The evolving carbon credit markets 
are expected to offset biochar production costs with current 
prices equivalent at $193–$234 per dry ton of biochar.48 

This incentive would make it more affordable for small-scale 
customers. In addition to these companies and emerging 
start-ups, some local initiatives such as Sonoma Biochar 
Initiative and The California Biochar Association are also 
promoting awareness about biochar benefits, and assisting 
in field trials. A growing number of companies investing in 
the biochar industry demonstrates a growing interest and 

http:biochar.48
http:material).40
http:system.39
http:20years.37
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Table 1. List of active biochar producers in California. 

Biochar producers, 
City 

Year 
started 

Products Commercial 
product 

Focus application 
sector 

Main feedstock Status 

Genesis industries, 
Redendo Beach 

2011 Reactors, biochar Biochar and bio
stimulants 

Farming and 
gardening 

Nutshells, urban green 
waste 

Phase 2 

Pacific biochar, Santa 
Rosa 

2014 Biochar BlackLite Agriculture Woody residues Phase 3 

Bioforcetech, 
Redwood City 

2012 Reactors, biochar Soil mix pro Organic waste 
management 

Biosolids, manure, 
green waste 

Phase 2 

Carbo culture, 
Woodside 

2017 Biochar (green 
landscaping) 

Carbon services Climate & soil, 
landscaping 

Forestry waste Phase 1 

Full circle biochar, San 
Francisco (bio365 LLC) 

2007 Biochar BioCore and 
BioCharge 

Agriculture Wood waste from 
timber industry 

Phase 1 

Blue sky biochar, 
Thousand Oaks 

2010 Biochar SEEK fertilizer Agriculture Pine, bamboo Phase 2 

Cool planet energy 
systems, Camarillo 

2009 Biochar CoolTerra Agriculture Farm residues Phase 2 

Energy Anew IMC, San 
Rafael 

2005 Biochar (solar-powered) Biocharm Vegetables, 
flowers, fruit trees 

Wood chips Phase 2 

Interra energy, INC, 
San Diego 

2009 Biochar, fuels, reactor Interra Preta Agriculture, biofuels Trimmings, wood, 
timber & green waste 

Phase 2 

All power labs, 
Berkeley 

2007 Reactors, biochar, 
blends 

Chartainer, power 
pallet 

Local carbon 
network 

Woody residues Phase 2 

Phoenix energy, San 
Francisco 

2006 Reactors, biochar Reactor Agriculture Forest and woody 
residues 

Phase 2 

Tolero energy, LLC, 
Sacramento 

2009 Reactors, biochar, fuels, 
activated carbons 

Tolero fuel Transportation, 
water treatment 

Urban biomass 
residues 

Phase 2 

readiness in biochar business. However, the production and 
scale are significant challenges that will be discussed in the 
later section. 

Biochar applications 
Table 2 shows the annual biochar production potential 
from the agricultural and forestry sectors biomass, and 
the potential application impacts in different sectors 
of California. Figure 3 shows the sensitivity analysis of 
the impact of biochar in the soil, water, and waste water 
sectors considered in Table 2. The listed applications 
assume that produced biochar is totally consumed in each 
of these sectors. Other applications of biochar that may not 
be able to consume total produced biochar are discussed 
later. 

At the rate of 1 BDT/acre, it will take about 5 and 7years 
to cover total cropland (25.3 million acres56) and forestland 
(33 million acres19), respectively, in the state. The application 
rate of biochar depends on the soil quality, and it is common 
to see the application rates at 10 BDT/acre or higher, which 
may take more than 100years combined to cover the total 
cropland and forestland at the production rate referenced. 

Application of biochar in soil is expected to achieve CDR 
by 12.3 million-ton CO2-e, which is equivalent to 38.2% 
of the total annual GHG emissions from agriculture sector 
in California. However, this number has been estimated 
assuming the stability of 100% for each annual batch of fresh 
biochar added to the soil. Over a period of time (~100 years), 
the stability of biochar is expected to decline by 20–30%,36,37 

which will eventually reduce the net CDR for the total period 
of time. For higher application rates and lower biochar yields, 
the time taken to amend the available land with biochar will 
be shorter (Fig. 3(a)). Similarly, higher biochar yields and 
higher carbon content in biochar increases the CDR that 
can offset more GHG emissions57 (Fig. 3(b)). This enhanced 
carbon sequestration-based soil management strategy of 
‘carbon farming’ could help California develop resilience 
to climate change while reducing atmospheric greenhouse 
gases. Application of biochar to improve soil and reverse 
GHG emissions is considered to be a part of regenerative 
agriculture.58 Farmers in California are already considering 
regenerative agriculture to promote soil health and 
biodiversity, in addition to profitably producing good-quality 
farm products. Initiatives like the Conservation Stewardship 

http:agriculture.58
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Table 2. Annual biochar production and 
application potential in different sectors of 
California. 

Biochar production 
Total biomass available (agriculture + forest) 52.26 Million BDT 

Total accessible biomass available 
(agriculture + forest)20 

23.52 Million BDT 

Total biochar production (20% conversion) 4.70 Million BDT 

Biochar application 
Agriculture and forestry 

Land covered by biochar application 
(1 BDT/acre) 

4.70 Million 
acres 

Time required to cover total agricultural 
land of state 

5.38 Years 

Time required to cover total forest land of 
state 

7.02 Years 

GHG reduction 

State total GHG annual emissions49 424.1 Million-ton 
CO2-e 

State GHG annual emissions in agriculture 
sector49 

32.23 Million-ton 
CO2-e 

Biochar carbon sequestration potential 
(average biochar carbon content: 70%)35 

12.08 Million-ton 
CO2-e 

Soil N2O emission reduction (1 BDT/acre 
application)50 

0.22 Million-ton 
CO2-e 

Portion of total state GHG emissions in 
agriculture sector 

38.16 % 

Groundwater 

State annual water consumption in 
agriculture51 

11.08 Trillion 
gallons 

Water holding capacity increment (2% 
(w/w) biochar application)52 

7275 Gallons/ 
acre 

Total increased water holding52 0.39 Trillion 
gallons 

Portion of total water consumption in 
agriculture 

3.54 % 

Wastewater treatment 

State annual wastewater generation53 1.46 Trillion 
gallons 

Portion of wastewater treated by biochar 
(0.51kg/m3)54 

43.24 % 

Livestock feed and manure management 

Livestock feed (1% biochar in daily feed w/w56 ~ 0.39 million BDT 
biochar) 

Enteric fermentation (20% GHG 
reduction55) 

2.27 Million-ton 
CO2-e 

Manure management (13.6% w/w biochar 
in manure ~4.31 million BDT biochar) 

11.07 Million-ton 
CO2-e 

Portion of total state GHG emissions in 
agriculture sector 

41.38 % 

Program by USDA aim to motivate agricultural producers to 
include biochar in their woody waste management and soil 
health management strategies.59 

The agriculture sector in California has annual water 
consumption of 11.08 trillion gallons, accounting for nearly 
80% of the total state consumption.51 When biochar is 
applied to the soil with the objective of increasing organic 
matter (OM) by 1% in the top 15cm (i.e., 6 in.) of the soil, it 
also increases the water retention capacity of the soil.52 As 
the biochar application rate is increased from 1% to 10% 
(w/w) (i.e., 8.7 tons/acre to 87 tons/acre), the increment 
in water retention capacity increases from 1940 gal/acre to 
39529gal/acre.52 The higher the application rate of biochar, 
the greater will be the water-holding capacity of the soil60 

(Fig. 3(c)). However, in practice, the rate of application will 
be limited by several factors such as soil type and properties, 
user objectives, and method of application. For normal soils 
or existing agricultural lands, 2% (w/w) biochar application 
has been proposed as a safe maximum by the California 
Department of Food and Agriculture (CDFA) Healthy Soils 
Program.61 At a 2% application rate (i.e., 17 tons/acre), 4.7 
million BDT biochar can hold an additional 0.39 trillion 
gallons of water in the soil, which is roughly 3.54% of the total 
annual water consumption by the state in agriculture. When 
cultivated down to different depths of soil at about 60cm, the 
applications up to 80 tons/acre may fall within the rates of 
2% (w/w). In a barren land, abandoned mining site or sandy 
soil, application rates as high as 10% (w/w) could be attained. 
In such a scenario, equivalent biochar can hold an additional 
2.13 trillion gallons of water in the soil, which is roughly 
19.26% of the total annual water consumption by the state in 
agriculture. 

With the annual generation of 1.46 trillion gallons waste 
water,53 many companies in various sectors in California, 
such as food, pharmaceutical, textiles are required by law to 
treat their wastewater to contain no more than 1000mg/L 
of biodegradable organic compounds. Biochar filtration 
can be used as an effective contaminant removal system 
due to its ability to absorb heavy metals and other chemical 
contaminants.62 Hence, if the total quantity of produced 
biochar is applied to waste water treatment, it could treat up 
to 43.24% of the total waste water generated in the state. This 
percentage increases with the increase in biochar loading 
and the biochar yield as more waste water could be treated 
(Fig. 3(d)). 

One potential application of biochar involves livestock feed 
to help in digestion thereby improving meat production. 
In California, agriculture accounts for 7.6% of the total 
state GHG emissions, of which nearly 30–35% is attributed 
to each enteric fermentation and manure management.63 

http:management.63
http:contaminants.62
http:Program.61
http:39529gal/acre.52
http:consumption.51
http:strategies.59
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Figure 3. (a) Effect of biochar application rate (−AR) (at 20% conversion) and biomass to biochar conversion (-BC) (at 1 BDT/ 
acre) on the time required to cover total agricultural and forest lands in the state; (b) effect of biochar carbon content (at 20% 
conversion) and biomass to biochar conversion (at 70% C) on reduction of GHG emissions, presented as a portion of total 
state GHG emissions in agriculture sector; (c) effect of biochar application rate (at 20% conversion) and biomass to biochar 
conversion (at 2% application rate i.e., 17 tons/acre) on average water holding of the soil, presented as a portion of total 
water consumption in state agricultural operations; (d) effect of biochar loading (at 20% conversion) and biomass to biochar 
conversion (0.51g/L or kg/m3) on the waste water treated, presented as a portion of total waste water generated in the state. 

A review of the relevant studies inferred that up to 1% 
addition of biochar in cattle feed (w/w) increases the weight 
of the animal by 10–20% and reduces methane emissions 
due to enteric fermentation by about 20%.55 However, this 
application accounts for only 7% of the biochar produced 
in the state. Several studies have investigated nutrient-rich 
biochar production from different types of animal manures 
as well as from filter manure effluents.64,65 When this biochar 

but will also put the manure to better use. Other options 
include using biochar as an additive to compost and manure. 
Mixing 10% (w/w) biochar with compost has been found 
to reduce GHG emissions up to 32%,66 and mixing 10–20% 
(w/w) biochar in manure may result up to 20% reduction in 
soil GHG emissions.67 As shown in Table 2, the combination 
of livestock feed and manure management applications is 
able to consume the entire production of biochar in the 

is applied to soil, it will not only lead to carbon sequestration state, resulting in total GHG reductions of 13.34 million 

http:emissions.67
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ton CO2-e. This value is about 3% higher than the GHG 
reductions when biochar is applied to the soil for sequestering 
carbon, primarily because of reduced CH4 emissions during 
enteric fermentation, which has about 32 times higher global 
warming potential (GWP) than CO2. When biochar is 
employed in livestock feed and manure management, it may 
lead to additional economic benefits including higher meat 
production and enhanced crop productivity. 

In addition to these applications, several other areas have 
been explored for utilizing biochar. For instance, biochar 
as an electrode or catalyst has promising prospects in 
microbial fuel cells,68,69 and production of electrochemical 
energy storage devices such as supercapacitors and lithium 
ion batteries.70,71 Stormwater management may be a future 
market for biochar as cities and residents look for ways to 
increase infiltration of water while reducing toxins.72 Other 
areas being investigated are the potential role of biochar as 
a catalyst support in chemical synthesis,73,74 as eco-friendly 
building materials and additives in construction sector,75,76 

and as a filler or a cover in landfill areas.77 Instead of biochar 
production, the biomass considered could be used for energy 
and fuels.78 This would possibly offer a means of CDR if 
BECCS technologies are built and deployed. Using biochar 
as fuel for energy violates the purpose of defining ‘biochar’ 
separately from ‘charcoal’. Hence, biochar could not be used 
as a fuel for generating energy, unlike charcoal, although the 
volatiles generated during production process could be used 
for energy purposes. 

Biochar innovation and ecosystem 

Today, approximately 150 companies, mostly small garden 
supply and specialty retailers, with a few exceptions, sell 
biochar worldwide. There are emerging opportunities but 
overall the market is in its infancy with limited production 
and high cost.79,80 In California, significant opportunities 
to expand the biochar market exist due to the biomass 
availability, existing infrastructure, climate legislation, and 
the application sectors. However, most of the application 
sectors have established ecosystems with respect to fossil fuels 
and other competitive products such as synthetic fertilizers, 
compost, mulch, and pellets. Adapting to biochar will not 
only need a change in existing set-ups but it will also need a 
change in consumers’ and policymakers’ attitudes towards 
biochar as a market commodity. It would also depend on 
the extent of the upstream and downstream costs associated 
with the biochar ecosystem. Recent debates emphasize the 
financial rewards for carbon credits achieved because of 
biochar, which requires appropriate policy interventions 
and strategies for developing the market. Pacific Biochar 

estimated that a carbon credit in the range of $70 per ton 
CO2-e could be sufficient to offset their production cost 
fully.33 A recent study on biochar production from mobile 
units in California’s Jackson Forests estimated a carbon credit 
of about $100 per ton CO2-e for an optimized system.81 

For the purpose of comparison, the government of Canada 
imposes a carbon tax of $24 per ton CO2-e in 2020, set to 
increase by $8 annually up to $39/ton in 2023.82 Likewise, 
subsidies such as USDA’s Conservation Stewardship Program 
provide eligible landowners with $6183/acre for residues to 
be converted into biochar.59 Numerous studies have estimated 
the minimum selling price of biochar to be in the range of 
$150–600 per ton or higher.45 

There are several companies still at the start-up stage in 
California. According to a recent analysis of 100 start-ups 
by CB Insights, the top reason for failure of the majority of 
the start-ups is the lack of market and its understanding.83 

Hence, there is a need to base the overall innovation approach 
around the market even in case of biochar. Fig. 4 shows the 
modified innovation approach for biochar technology and 
biochar product based on the Roger’s theory of Diffusion of 
Innovations38 and the energy technology innovation system.39 

According to the proposed approach, the R&D efforts on 
developing a biochar technology or producing biochar should 
start only if the preliminary regional market assessment 
identifies the need for a better technology. The findings from 
R&D may lead to the next stage of pilots and demonstrations, 
which can form a good basis for techno-economic assessment 
at a commercial scale. These estimates should be analyzed 
carefully along with re-assessing the market considering 
multiple aspects such as competitive products and the 
policies. The market is never stagnant and may change during 
the duration of R&D and pilots. Hence, before making the 
decision to adopt or reject the technology, it is important to 
re-assess the market and check if the innovation is on the 
right track. For a positive decision, the next steps would be 
implementation and diffusion. If the decision is not to adopt 
the technology, then the entire process could be repeated 
identifying the alternative market and strategies or one could 
directly reject the technology depending on the clarity of 
the findings. During all the stages, there are several actors, 
networks, institutions and decision makers involved who 
communicate with each other and keep providing feedback. 
The approach is applicable to the entity, which aims to either 
produce its own biochar or procure it from other producers 
and then improvise it depending on the market being 
targeted after preliminary assessment. Improvisation may 
include grinding, blending, or mixing with other additives, 
densification, and other similar processes. Irrespective of 
the scale or capacity, such entity should first produce a small 

http:system.39
http:understanding.83
http:higher.45
http:biochar.59
http:system.81
http:fully.33
http:fuels.78
http:areas.77
http:toxins.72
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Figure 4. Biochar innovation diffusion model based around market assessment. 

batch and demonstrate the effectiveness of the product at 
trade fairs, community markets, or similar expositions. 
After demonstration, an entity should re-assess the market 
before taking a decision for mass production and diffusion. 
As discussed earlier, if the profit of a biochar producing 
firm is going to rely on financial rewards for CDR, then it 
should be assessed as part of market analysis. In states having 
no policy or program in place for carbon credits, it would 
be challenging for an entrepreneur to set-up or scale up a 
biochar production unit if that is the crucial factor. 

To drive an industrial development in the initial stages 
of any product commercialization, all the concerned 
stakeholders should make a combined effort.84 For the 
biochar industry, a range of stakeholders on the supply side 
include reactor technology developers, biochar producers 
and distributors, government agencies, established 
bioenergy promoters, and researchers. On the demand 
side, stakeholders include farmers, forest owners, power 
plant operators, garden owners, and activated carbon 
manufacturers, to name a few. Hence, to identify the best 
market for biochar in present time, it is important to explore 
the decisions of multiple stakeholders both on the supply side 
and the demand side. Figure 5 shows a general ecosystem 
around a biochar producer, which consists of a series of 
stakeholders ranging from investors to buyers. Buyers may 

range from an individual home gardener to industrial-level 
buyers depending on the application and the context. This 
is an example ecosystem showing the flow or exchange of 
money, material, information, and products among the 
different stakeholders connected with the biochar producer. 
The routine product is a product generated after using 
biochar – e.g., routine product from farmers to customers 
can be fruit, vegetables, or grains. As biochar is recognized 
as a CDR pathway, it is important for the stakeholders on 
both supply side and demand side to discuss and propose a 
strategy to the policymakers for gaining carbon credits for 
production and utilization of biochar. If all the stakeholders 
are convinced of the environmental benefits of biochar, the 
main impediment delaying the implementation of carbon 
credit system would be a lack of proper estimation and 
validation methodologies in different scenarios. 

Barriers and biochar markets 

The multidimensional nature and diversity of biochar markets 
could increase the market scope and decrease risks when 
competing for well established markets such as agriculture 
and energy, but it could also blur focus at the initial stages 
when small but profitable specialty markets (example, 
horticulture, nurseries, water treatment, energy storage, and 

http:effort.84
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Figure 5. A typical biochar ecosystem around a biochar producer. 

activated carbon substitutes) have to be conquered.85 For 
entrepreneurs with limited time and resources, a focus on 
single-point selection at the initial stage is very important to 
achieve the best product–market fit.86 However, even after 
the choice of a market is made, there are several barriers 
associated with each market, which may slow the growth or 
sometimes shut down the business. In the biochar market, 
it is important to identify these barriers and analyze them 
carefully to find an appropriate solution for the producers. 

Figure 6 shows the relative extent of different factors posing 
as barriers based on the survey responses, where the higher 
values (>4) represent higher barriers and vice versa. The 
error bars indicate uncertainties in converting the qualitative 
responses to numerical values. The barriers could be classified 
as technical, economic, socio-political, and environmental, 
where economic barriers are split into market and scale-up 
barriers. Among individual factors, access to capital for initial 
investment or scaling up the biochar production facility is 
the biggest barrier indicated by majority of the producers, 
followed by the market and demand-related factors. When 
grouped under different categories, the extent of barriers 
for the collective factors decreased in the order: market > 
scale-up > technical > socio-political > environmental. Few 
factors that fell under multiple categories are adjusted based 
on their contribution to a particular category. For instance, 
low profit and high cost assumed 50% importance in market 
category and 50% importance in technical category. The 

findings imply that despite growing interests in biochar, 
the market is not yet clearly defined and the customers are 
not aware of the benefits of biochar. Other than market 
and scale-up barriers, technical barriers also exist in high 
proportions as there is very little clear and consistent field-
level evidence or R&D reports on biochar impacts on soil. 
Varying availability and heterogeneity of feedstocks can make 
it challenging to produce biochar with consistent quality. 
This points to the need for advancement in the available 
technologies, which would incurs additional cost, and 
could lead to an increase in the production cost of biochar. 
There are some major concerns over the socio-political 
barriers because of the difficulties faced by the producers 
in complying with policies, regulations, and certification 
requirements. Serious concern among most producers is 
related to the policies regarding carbon credits generated 
from production and utilization of biochar. Obtaining 
financial reward for carbon credits would add to the profits 
and motivate producers to scale up their facilities and further 
expand the biochar market. Local producers are least worried 
about the environmental barriers associated with utilizing 
biomass and land use changes, as biochar is being promoted 
as a carbon sequestration solution in the state. 

Figure 7 shows the preference of various market/application 
sectors for biochar in next 3 years based on the collected 
responses (n = 20), where the higher value indicates the 
most preferred market, and lower value indicates the less 

http:conquered.85
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Figure 6. Relative extents of different factors posing as barriers based on the collected responses (*X-axis higher value 
indicates the higher barrier and lower value indicates the lower barrier). 

Figure 7. Ranking of various market/application sectors for biochar in next 3years (*X-axis higher value indicates the higher or 
most preferred market, and lower value indicates the less preferred market). 
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preferred market. Most producers believe that the soil-
based applications of biochar will be the preferred market 
with agriculture and gardening leading the market. This is 
followed by the utilization of biochar in soil remediation of 
mines and landfills, followed by co-composting and manure 
management (which also then end up as soil application). 
In the case of livestock feed and manure management, it 
was earlier found that these applications result in maximum 
environmental and economic benefits. However, certain 
issues and national consensus are still pending with respect 
to utilizing biochar as a feeding material for cattle. Although 
biochar has been proved effective as a standalone filter as 
well as a good precursor for activated carbon,87 the filtration 
industry is moderately preferred in near future. Other 
upcoming avenues for utilizing biochar include construction 
and urban landscaping, and bioplastics and polymers. Finally, 
some efforts have been initiated to use biochar in energy 
storage and catalysis but most of the work in this area is still 
at R&D level. Hence, this will be the least preferred market for 
biochar in the next 3 years. 

Recommendations 

Our study found that soil-based applications will be the 
largest market for biochar and it is likely to be used primarily 
in high-end specialty markets because of its current high 
price. For example, farmers growing products that are high 
cost and generate high revenue per acre, such as marijuana, 
nuts, wines, expensive fruits and flowers, etc., could earn 
higher profits through soil-based biochar application. 
Organic growers and landowners with poor soil will have 
relatively higher inclination towards using more biochar 
than non-organic growers and landowners with good soil. In 
addition to these soil-based applications, there is a growing 
interest in developing biochar into new products to take 
advantage of its peculiar properties. As new companies come 
up and existing companies expand production, the price of 
biochar should decrease and the use of biochar could begin to 
be economical for a greater number of potential clients. Based 
on the activities undertaken in the present study, we propose 
the following recommendations to overcome most of the 
barriers to biochar market success: 

Collaboration and initiatives 

The collaboration among and between different industrial, 
academic, and other independent entities including unions 
or co-operative groups of various end users will accelerate 
the biochar industrial growth. For example, USDA 
provided a $9.8 million grant to Colorado State University 
to work with Cool Planet to convert diseased wood (from 

the pine bark beetle) into fuel and biochar.80 California 
Department of Conservation works together with the Natural 
Resources Agency and the Strategic Growth Council to 
implement the Sustainable Agricultural Lands Conservation 
(SALC) program for reducing greenhouse gas emissions, 
strengthening the economy, and improving public health 
and the environment, particularly in poor communities.88 

USDA, USBI, and IBI have made strong efforts to improving 
the collaboration and information exchange on biochar. More 
such collaborations and initiatives will not only promote the 
production and application of biochar within the state but will 
also motivate new entrepreneurs and investors in the field. 

Market research and promotion 

Lack of market research for a specific region is one of the 
prime market-related barriers. As pointed out by Olivier,89 

there are significant misunderstandings related to biochar 
market because of widely used do‐it‐yourself approaches, and 
the lack of reliable data and analyses. This may cause further 
headwinds against widespread market adoption. Recent 
efforts have focused on building biochar-based products 
through post-preparations such as co-composting, ionization, 
or activation. These efforts are essential for building products 
that are actually customized to market needs. Hence, there is 
a need for reliable and accessible data or analysis of biochar 
market status, trends, and predictions in different sectors. 
This will help to change customers’ perceptions towards 
biochar and encourage the producers to target appropriate 
customer segments in a specific geographical region. The 
only promotion being made at present for biochar is the net 
negative emissions technology but that, too, lacks clarity on 
how the offset emissions will be calculated and paid. For 
market success, promotions should also be based on the 
effectiveness of biochar in desired applications and impacts 
on the income of stakeholders and the state’s economy. 

Research and field trials 

Most of the research has focused primarily on determining 
the impacts of the raw material and process conditions on 
the biochar properties. The effects of biochar on soil, crops, 
and the environment were studied mainly in short-term and 
simulated experiments but limited studies report long-term 
field experiments. Long-term field trails should involve 
USDA Agricultural Research Service (ARS) as a partner. 
This would generate reliable environmental risk assessments 
and cumulative feedback effects of biochar application in 
real fields. Academic institutions and technology developers 
can carry out their research and develop prototypes but for 
long-term field trials, they should involve the actual biochar 

http:communities.88
http:biochar.80
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end users in the process. For example, a farm owner owning 
100 acres can be convinced to give 10% of his land for biochar 
trials with the assurance of appropriate compensation in an 
unlikely case of negative results. Initiatives like USBI and 
IBI can promote such collaborations, which would help to 
generate more evidence about biochar benefits. However, the 
government or private investors will have to be convinced to 
fund such projects, as universities and research institutes may 
not have the provision for risk compensation payments. 

Feedstock procurement 

Waste biomass and biomass residues from agriculture, forest, 
and waste sectors should be tapped as feedstock, without 
significantly affecting land use. Feedstock such as poultry and 
dairy waste,90 sludge from sewage and wastewater treatment 
plant,60 algae,91 and some components of municipal solid 
waste92 are being explored for biochar production. Biomass 
collection, transportation, and conversion costs have been 
identified as major challenges to the production of market-
responsive bioproducts. Considering the distributed nature 
of biomass, the decentralized production of biochar (<0.5 
ton/h) could be a better solution than a big centralized plant 
where raw biomass needs to be transported. Another benefit 
with decentralized small-scale units is consistent quality of 
biochar as the feedstock heterogeneity will be minimized in 
decentralized operations.93 However, for the sites with easy 
access to abundant biomass (e.g., rice mills, logging sites, 
etc.), even centralized plants could be advantageous and 
economical. Pretreatment processes such as size reduction, 
drying, torrefaction could have a significant impact on the 
biochar production economics, and should be evaluated. 
Depending on the biomass and the source, stationary or 
mobile decentralized drying or/and torrefaction units81,94 

could be deployed not only to minimize transportation 
costs and emissions but also improve the performance of 
subsequent conversion process. 

Furthermore, the price at which the feedstock can be 
procured from biomass generators becomes a very important 
consideration. To the extent possible, feedstock should 
be selected where it carries a negative cost. For example, 
landowners with excess biomass residues in areas with high 
wildfire hazard are often willing to pay a premium to have 
their residues removed. As another example, in peri-urban 
wooded areas, regulations often impose a requirement to 
transport excess non-merchantable biomass feedstock to 
the landfill rather than allowing for open-air burning as a 
disposal method. In such cases, biochar production can often 
reap the financial benefit of the avoided tipping fees, which 
could run as high as $125/ton, with a median of $45/ton in 
California.95 

Polygeneration 

Polygeneration is the simultaneous generation of two or 
more energy products such as heat, power, hydrogen, 
char, etc., in a single integrated process.96 It is possible in 
biomass gasification or pyrolysis-based systems developed 
for generation of power and chemicals. For these plants, 
additional profit by selling the co-product biochar is an 
incentive. This may be best suited for centralized or stationary 
set-ups processing a higher amount of biomass (>2 tons/h). 

Definitions and standards 

Biochar can be of various types and produced from various 
processes, so it is important to have a standardized definition 
of biochar to avoid any confusion with charcoal and have 
a consensus. Organizations such as IBI and the European 
Biochar Certificate (EBC) have developed and promoted some 
standards of defining biochar but there is still a need for a 
single updated definition at global level. Based on interactions 
with the respondents, we would define ‘biochar’ as a carbon-
rich solid product obtained from biomass with the objective of 
sequestering its original carbon irrespective of the application. 
Having a globally accepted definition with a common objective 
will help bring together academicians and entrepreneurs. 

Carbon credits 

Biochar, as a promising negative emissions technology, can 
flourish more if the stakeholders in the biochar ecosystem, 
especially the end users, are given due carbon credits for 
offset emissions. However, key issues associated with credits 
are identifying and evaluating the actual credits and the 
ownerships because of numerous components involved and 
absence of a standard protocol.97 For a localized biochar 
production and application case, the biochar producer can 
keep a record of where all the biochar is incorporated into 
soils.98 Carbon credits ownership should be worked out by 
contract, between the project proponents (i.e., feedstock 
supplier, biochar producer, and farmer) and the buyer.99 

Recently released Microsoft carbon offset program selected 
more than 99% of the carbon removal volume through forest 
and soil projects.100 An emerging business model based on 
carbon transformation suggests that entities removing carbon 
are paid by the ones who neutralize their residual emissions 
with verified carbon removals. Pacific Biochar has secured the 
first carbon credits for biochar in the USA. Likewise, Puro. 
Earth, a B2B carbon marketplace, recently qualified biochar 
for carbon credit, and Carbo Culture became one of its first 
biochar companies available for carbon trading.101 

These are some of the recommendations based on the limited 
number of responses from the producers’ point of view in 

http:buyer.99
http:soils.98
http:protocol.97
http:process.96
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California. The biochar market is a multi-faceted one involving 
several stakeholders and hence there is a huge scope to widen 
this study. The present analysis is focused on California as a 
case study but it is possible to apply a similar market sizing 
approach to other regions as well as at national and global 
levels. The biomass availability, policies, and hence the factors 
posing as barriers will be different in different regions. 
Moreover, we did not consider the biomass from municipal and 
industrial sectors in this analysis, which could potentially be 
used to produce biochar. Hence, the number of factors acting 
as barriers could be varied and analyzed using different tools 
of market assessment. Analysis similar to one presented in this 
study can be an efficient guide for the upcoming entrepreneurs, 
interested investors, and the policymakers in biochar area. 

Conclusions 

In this study, the scale of biochar production and application 
was assessed, and potential markets were identified for the 
state of California. Various sectors were explored for the 
application of biochar produced from local biomass using 
surveys and market sizing approach. Although the number of 
companies in biochar sector is increasing, most of them are 
in early stages with smaller prototypes and no stable demand 
or market assurance. In terms of economics and emissions, 
livestock feed and manure management have been found to 
be the most promising applications for biochar. However, 
existing trends are strongly inclined towards commercial 
agriculture, horticulture, and home gardening. As market is 
a major concern for small producers, it is important to assess 
the market at each stage to minimize the risks, particularly for 
the upcoming innovations in biochar product and technology. 

Our survey of the local producers and the field experts 
revealed that access to capital investment for scale-up is the 
biggest barrier reported by the majority of respondents, 
followed by the market and demand related factors. The extent 
of barriers to biochar success decreased in the order: market 
> scale-up > technical > socio-political > environmental. 
Soil-based applications of biochar are reported to be the most 
preferred market followed by filtration and livestock feed. Multi
faceted applications with environmental benefits have already 
put the biochar on forefront of R&D and pilot scale investments. 
In terms of market, different strategies such as rewarding 
carbon credits, increasing awareness and improving production 
processes would further help commercialize biochar. 
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