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Figure 1. CenUSA Bioenergy Vision  
Credit: Chris Hobbs, Hobbs Designs LLC

Introduction

CenUSA Bioenergy: Sustainable Production and Distribution of Bioenergy for the Central USA 

(CenUSA) is a USDA National Institute of Food and Agriculture (USDA-NIFA) backed research 

project with a vision to create a sustainable biofuel and bioproducts system in the US Midwest.1 

Although CenUSA focused heavily on the research and development of perennial grasses that could 

be used to produce these biofuels and bioproducts, the project also had the objective of improving 

the sustainability of existing cropping systems by reducing nutrient runoff and soil erosion while 

increasing carbon sequestration. One method for meeting these sustainability goals is to enhance 

soil with biochar. 

1	 Learn more about the CenUSA Bioenergy vision and work product at www.cenusa.iastate.edu
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CENUSA’S BIOCHAR-
RELATED RESEARCH 
INVOLVED THE REFINING AND 
PRODUCTION OF BIOCHAR, 

determining its potential as an agricultural or garden amendment, and

exploring high-value markets for biochar and its co-products.
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CenUSA’s vision of the bioenergy cycle involves the use 
of cellulosic biomass, such as perennial grasses, not only 
being used in biochemical-process ethanol facilities, but also 
being converted to fuels via pyrolysis. Through pyrolysis, 
this biomass would generate biochar for land amendment 
and nutrient recycling, bio-oil for upgrading to liquid 
transportation fuels, and synthesis gas (syngas). CenUSA’s 
biochar-related research involved the refining and production 
of biochar, determining its potential as an agricultural or 
garden amendment, and exploring high-value markets for 
biochar and its co-products (Porter, 2014). 

Biochar, a form of charred biomass similar in appearance 
and composition to charcoal, is a material with a wide 
variety of applications. Any biomass source with high carbon 
content can be used as its feedstock, but currently, the most 
common source is wood. Biochar is generated by pyrolysis, 
which is the heating of biomass in the absence of oxygen. 
As hydrogen, carbon monoxide, and other volatile gases are 
driven off, a carbon-rich solid product is created (Porter, 
2014). The non-condensable fraction of the volatiles is called 
synthesis gas, or syngas, while the remaining fraction can 
be condensed into bio-oil (Laird, 2008). In some instances, 
syngas can be used as fuel for the pyrolizer, meaning no 
external energy is required for biochar production beyond 
the biomass itself (Yale E360, 2010). Bio-oil can also be 
burned to generate heat, or can be further refined for use as 
transportation fuel (Laird, 2008). 

Biochar’s properties are heavily influenced by the operating 
conditions in the pyrolyzer. This is because biochar’s 
adsorption capacity is dependent on its surface charge 
and surface area, which can vary depending on type of 
feedstock used, pyrolysis temperature, or pre- and post-
pyrolysis treatments. Producing biochar at a low pyrolysis 
temperature (300 – 400°C) and high pH will result in a high 
cation exchange capacity. Biochar with high cation exchange 
capacity are optimized for the adsorption of heavy metals 
(such as arsenic, lead, and mercury), but not oxyanions (such 
as nitrate and phosphate). Alternatively, those with high anion 
exchange capacity can adsorb large quantities of oxyanions. 
The cation exchange capacity of biochar has been studied 
extensively, but there are few studies regarding anion 
exchange capacity (Banik et al., 2018). Lawrinenko and Laird 
of Iowa State University were the first to study the nature of 
positively charged functional groups on biochar surfaces, 
reporting that anion exchange capacity decreases with 
increasing pH, and increases for biochar’s produced in high 
temperature ranges (700 - 900 °C) (Lawrinenko et al., 2016 and 
Banik et al., 2018). Because of the variability in feedstocks 
and pyrolysis methods used to produce biochar, each batch 
of biochar can have unique characteristics; therefore, 
different types of biochar may be better suited for different 
types of markets and purposes.

BECAUSE OF THE VARIABILITY IN FEEDSTOCKS AND PYROLYSIS 

METHODS USED TO PRODUCE BIOCHAR, EACH BATCH OF BIOCHAR 

CAN HAVE UNIQUE CHARACTERISTICS; THEREFORE, DIFFERENT 

TYPES OF BIOCHAR MAY BE BETTER SUITED FOR DIFFERENT TYPES 

OF MARKETS AND PURPOSES.
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Credit: Bob Mills, Iowa State University Bioeconomy Institute

MUCH OF THE RECENT 
RESEARCH ON BIOCHAR 
CENTERS ON ONE OF ITS 
MOST IMPORTANT ABILITIES: 
CARBON SEQUESTRATION.
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Why is Biochar Important?

Biochar began garnering interest after the discovery of carbon rich, highly fertile “terra preta” soils 

in the Central Amazon. These soils are a result of the slash-and-char cultivation hundreds of years 

ago, which entailed the charring of wood residue and subsequent mixing of the residue into the 

soil (Montanarella, 2013). Since the discovery of these soils, researchers have been exploring the 

effects of charred biomass – i.e. biochar – on soil quality. A multitude of studies have determined 

that the addition of biochar to soils can improve soil functionality and crop productivity in a variety 

of ways (Bilgili et al., 2019). Biochar’s highly porous structure improves soil physical characteristics 

by encouraging the formation of macro aggregates, improving soil porosity by reducing soil bulk 

density, and increasing the water-holding capacity of the soil (Bilgili et al., 2019; Basso et al., 2012). 

The enhanced physical condition of the soil and increased adsorption of microbial substrates 

(carbohydrates, lipids, and proteins) improve soil microbial activity, while the high surface area 

and cation exchange capacity of the char increase nutrient retention in the soil (Bilgili et al., 2019). 

Biochar amendments have also been shown to reduce soil bulk density and improve aeration (Porter 

and Laird, 2014). 

Figure 2:  Biochar in the emerging agricultural economy 
Credit: David Laird, Iowa State University

Much of the recent research on biochar centers on one of 
its most important abilities: carbon sequestration. Biochar’s 
ability to sequester carbon is beneficial to soil health – when 
incorporated into soils, biochar can increase soil carbon 
content, thus increasing fertility (Sudmeyer, 2018). However, it 
may also have implications in the global fight against climate 
change. The biochar pyrolysis system has the potential to 
act as a carbon sink, meaning it takes more carbon out of 
the atmosphere than it puts back in. This is because plant 
matter emits carbon dioxide (CO2) as it decays. Other plants 
then absorb this CO2, later decay, and the cycle continues. 
Depending on the biomass used and pyrolysis conditions 
to produce biochar, up to 50% of the original carbon in the 
biomass feedstock is stored in the char. Biochar stores 
carbon in a stable form that prevents leaking, so when plant 
matter is pyrolyzed to create biochar rather than allowed 
to oxidize and decay, the carbon it contains that would 
otherwise be discharged into the atmosphere as CO2 is 
instead sequestered in the biochar for hundreds or potentially 
thousands of years (Levitan, 2010).  
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Credit: Bob Mills, Iowa State University Bioeconomy Institute

IF BIOCHAR USE BECOMES 
COMMONPLACE, ITS ABILITY 
TO ENHANCE SOIL NUTRIENT 
RETENTION AND CYCLING, 
RETAIN WATER, AND 
SEQUESTER CARBON 

may be able to make a substantial difference in 

some of humankind’s most pressing issues.
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A 2013 study backed by the USDA-ARS set out to find if 
biochar could significantly mitigate carbon, methane, and 
nitrous oxide emissions from soils. Researchers created 
biochar by pyrolyzing oak pellets at 550 °C. Four temperate 
soils were supplemented with this biochar at five rates: 0%, 
1%, 5%, 10%, and 20% (weight/weight). The group found 
that in all soils, CO2 emissions increased linearly while N2O 
emissions decreased exponentially with increasing biochar 
addition rates. Emission measurements were taken over the 
course of two years; even though the soils respired CO2 over 
the course of the study, they still emitted less than the volatile 
carbon content sequestered in the biochar itself (4%). All in 
all, the group concluded that all greenhouse gas emissions 
were small in comparison to total soil organic carbon 
sequestered in the biochar, making biochar generation a 
carbon-negative process (Stewart et al., 2013). This emission 
reduction capability has caused many to back biochar as a 
possible strategy for climate change mitigation. One group 
estimates that biochar could offset 2% of global greenhouse 
gas emissions, but only if the biomass is obtained from 
non-food sources. Another evaluation found that pyrolyzing 
and burying 10 percent of the world’s biomass waste could 
sequester five gigatons of carbon annually (Cooper, 2016). 

Well over 300 peer-reviewed papers were published on 
the carbon-sequestering ability of biochar in 2013 alone, 
establishing a consensus that biochar amendments can 
effectively remove CO2 from the atmosphere (Porter, 2014). 
Studies performed across a range of cropping systems 
have also shown that biochar-amended soils release 

between 44 and 66% less nitrous oxide – a greenhouse 
gas 310 times more potent than CO2 – in comparison to 
un-amended soil (Edwards et al., 2018; USBI, 2019). This 
research demonstrates that soil carbon sequestration by way 
of biochar amendment may be a feasible tool for reducing 
greenhouse gas emissions.

Improving the efficiency of food production, limiting water 
consumption in agriculture, and reducing greenhouse gas 
emissions are becoming increasingly important. If biochar 
use becomes commonplace, its ability to enhance soil 
nutrient retention and cycling, retain water, and sequester 
carbon may be able to make a substantial difference in some 
of humankind’s most pressing issues. The bulk of biochar-
related research centers around its ability to improve soils; 
as a result, some only see biochar’s potential in the soil 
amendment market. However, there are a myriad of other 
possible niche markets and uses for biochar. If these niche 
markets and the larger soil amendment market are explored 
and utilized to their full capacity, the biochar generated may 
be able to store immense amounts of carbon. At the same 
time, biochar could replace products and feedstocks that 
cause environmental damage or require large amounts of 
energy to produce. In the remainder of this white paper, we 
will discuss the various markets that biochar can be used in, 
the properties that make biochar applicable to these markets, 
and the challenges associated with establishing global 
markets for biochar. In doing so, we hope the reader will gain 
an understanding of the challenges and opportunities facing 
this unique material. 

Figure 3: Biochar Cycle  
Source: TerrAffix® Soil Solutions
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Robert C. Brown and  
Santanu Bakshi are part of 
a team looking for ways to 
make biochar more useful 
and valuable to agriculture.

Credit: Christopher Gannon.

“THIS MIGHT CHANGE  
 HOW FARMERS APPLY  
  FERTILIZER TREATMENTS.” 

Robert C. Brown, director of Iowa State’s Bioeconomy Institute
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Agricultural Soil Amendment
As mentioned above, most biochar-related research centers around its ability to be used as a soil 
amendment – but much of the farmland in the United States already consists of productive soils, and 
farmers may not be eager to purchase and apply biochar to lower-value, high-yielding crops such as 
corn or wheat (Voth, 2013). However, according to Jonah Levine (Voth interview), a biochar salesman 
associated with the Colorado-based companies Biochar Solutions and Biochar Now, biochar can find a 

place in “functional niches”.  

These niches lie in high-value crops that have a long-term payback, 
such as fruit and nut trees. For example, a Midwest corn grower may 
have no need for the carbon sequestration provided by biochar, but 
trees can greatly benefit from the increased water-holding capacity 
it provides. A ponderosa pine tree will die if soil moisture falls below 
7%; Levine claims that he has had success holding moisture above 
10% when a 5% biochar amendment is applied to soil (Voth, 2013). 

Jim Ippolito, a USDA-ARS soil scientist based at Colorado 
State University, believes that reducing irrigation and water 
use could be a long-term feat of biochar (Voth interview). By 
increasing soil water holding capacity, there’s a possibility 
that the same crop yield could be produced with less water 
applied overall (Voth, 2013).

Biochar is even being evaluated as a tool for nutrient runoff 
reduction. There are two reasons for this. The first is that if 
biochar amendment improves soil quality, it could reduce 
the need for fertilizer, in turn reducing the amount of harmful 
runoff. The second reason is that if biochar-enriched soils 
increase productivity, it’s possible that fewer acres would 
need to be in production overall, which could reduce nutrient 
loading (Porter, 2014).

Although much of the research relating to biochar as an 
agricultural soil amendment appears promising, predicting 
exact soil and crop response to biochar can be difficult. 
Different biochar production methods lead to different 
chemical and physical properties of the biochar, and soil 
properties are highly variable depending on location and 
other environmental factors. Ultimately, these variables can 
affect plant response to biochar. A 2013 literature analysis 
conducted by Dr. Lori Biederman and Dr. Stanley Harpole 
of Iowa State University found that the addition of biochar 
to soil resulted in increased aboveground productivity, crop 
yield, and total soil nutrient (N, K, and P) content. Meanwhile, 
variables such as belowground productivity, plant tissue 
nitrogen and phosphorous concentration, and soil inorganic 
nitrogen did not demonstrate any clear effect from biochar 
addition. The researchers also found that in some instances, 

adding greater quantities of biochar reduced productivity, 
while in others, productivity increased after increasing 
biochar application rates (Biederman & Harpole, 2013). 

A more recent literature review compiled by researchers 
from South Korea, Egypt, Oman, Germany, Pakistan, New 
Zealand, and the United States also acknowledge that the 
impact of biochar application depends heavily on both the 
biochar and soil type; however, they have recommendations 
for maximizing biochar’s economic viability. To lower the 
cost of biochar application, a valid minimum application rate 
should be identified. Thus, they believe future experiments 
should be geared toward studying low application rates. 
Furthermore, they recommend designing suitable biochar 
types for different soil properties. Ultimately, the group 
believes that standardization of biochar application – 
knowing the exact rate and type of biochar will suit each 
type of soil fertility issue – is the key in making biochar an 
affordable soil amendment solution (El-Naggar et al., 2019).

There are also modifications that can be made to biochar 
that allow it to perform better as a soil amendment. In a 
recent experiment, Robert C. Brown and Santanu Bakshi of 
the Iowa State University Bioeconomy Institute determined 
that biochar’s sponge-like properties make it an effective 
slow-release fertilizer. This is because when biochar is pre-
treated with iron sulfate (an inexpensive byproduct of steel 
manufacturing) it can adsorb phosphate at 12 times the rate 
of untreated biochar. Biochar then releases this phosphate at 
a rate that can supply the necessary phosphorous to crops. 
Bakshi calculated that the biochar releases 18 milligrams 
of phosphorous per kilogram of soil after three hours of 
leaching with water – this is nearly equal to the 22 milligrams 
of phosphorous per kilogram of soil recommended for crop 
growth. However, it is less soluble in water than conventional 
fertilizer, and is therefore less likely to be washed away by 
rain or leeched into groundwater. The researchers believe 
that these results could have big impacts on agriculture 
around the nation, as Brown said, “This might change how 
farmers apply fertilizer treatments.” 
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BIOCHAR COULD  
PLAY AN IMPORTANT  
ROLE IN AGRICULTURE  
ON A GLOBAL SCALE, 

particularly in countries with low-quality soil. 
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Biochar in Global Markets
Biochar could play an important role in agriculture on a global scale, particularly in countries with low-
quality soil. The European Union Soil Thematic Strategy (“the Strategy”, a report aimed at establishing 
common practices for the sustainable use of soil, mentions the constant decline of soil organic carbon 
as one of the largest threats to soil in the European Union. The Strategy also identifies soil’s role as a 
carbon sink as one of its most important function. For these reasons, biochar is garnering attention 
in Europe for the positive influence it may have on field capacity, nutrient availability, and fertilizer 
efficiency. However, under EU regulation, biochar is considered a waste product, and the majority is 
thus blocked from agronomic utilization. The small percentage of biochar that is not blocked is subject 
to regulations that were designed for sewer sludge and other amendments (Montanarella, 2013). 

levels in comparison to the first year. As a result, if only 
the agronomic value of biochar is considered, purchasing 
biochar to be used as a soil amendment may not be profitable 
for farmers. However, this review did not consider the 
possibility of farm-owned biochar production. If farmers 
produced their own char using their own biomass and a small 
kiln located on their property, they may find it much easier to 
turn a profit (Bach, Wilske & Bruer, 2016).

The economic viability of biochar’s use as an agricultural soil 
amendment is hard to predict, but there are potential future 
policy changes that could greatly accelerate its production and 
use in agriculture. Carbon taxes and emissions markets may 
provide a secondary outlet for farmers to generate profit from 
biochar. Carbon markets are based around the concept that 
some businesses may prefer to pay other businesses to reduce 
greenhouse gas emissions rather than make the reduction 
themselves. These markets trade in carbon credits; each credit 
is equivalent to one ton of CO2. If an emissions regulation 
needs to be met, a business has the choice to reduce their 
greenhouse gas emissions, or purchase carbon credits from 
someone who already has. Because greenhouse gas emissions 
are not capped in North America, the carbon trading market is 
voluntary (Powers, Schulte, and Stowell, 2009). 

Though most carbon offset schemes trade in emission 
reductions, a different type of carbon market may soon 
become carbon: CO2 removal. Puro is the first online 
marketplace in Europe for the buying and selling CO2 
removals. Their CO2 removal certificates are awarded based 
on 1 ton of CO2 removed from the atmosphere by one of 
their certified removal methods – biochar is one of these 
methods. The certificates are verified and tradeable, and 
after the first few online Puro auctions, the average price of 
the removal certificates being bought and sold was €26.92 
($30.47). Because this carbon market depends on the removal 

Despite the lack of legislation, some progress has been 
made in recent years regarding the regulated use of biochar. 
Existing laws regulating the use of traditional wood charcoal 
have offered a point of contact to create voluntary biochar 
standards in Europe and the United States. Groups such as 
the British Biochar Foundation and the International Biochar 
Initiative have created their own quality standards that 
provide users and producers with guidelines to follow (Meyer 
et al., 2017). This progress is promising, but the EU will need 
to further investigate the change in heavy metals in soil, 
pesticide sorption, and introduction of metal contaminants 
that may come about as a result of biochar amendment in the 
long term in order to create science-based policies. If they 
can bridge these knowledge gaps, biochar could provide a 
huge benefit to European agriculture by offering a solution to 
their lack of soil carbon (Montanarella, 2013).

Economic Barriers and Opportunities
There are economic barriers to widespread biochar use 
in agriculture as well. Despite the fact that biochar has 
been shown to increase crop yield, some studies show the 
increase in yield and resulting increase in revenue may not 
be enough to offset the price of biochar. To evaluate the 
economic viability of biochar in agriculture, researchers at 
Justus Liebig University in Germany performed a review of 
literature regarding field application of biochar. By extracting 
507 yield differences from literature, the group concluded 
that the average increase in crop yield resulting from 3 Mg/
hectare biochar addition is approximately 10%. This yield 
increase would have to continue on for 10 years for farmers 
to realize a profit; however, roughly two thirds of the data 
points reviewed were based on 1-year trials. Those that 
reflected a longer time period did show that yield affects 
continue for several years after application, but at very low 
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could use biochar to improve their yield, and subsequently 
sell their carbon removal credits on a carbon market. Biochar 
may also be applicable in a carbon tax system. With a carbon 
tax, a fee is charged per ton of carbon emitted (Union of 
Concerned Scientists, 2019). If mandatory carbon taxes 
are to exist in the future, carbon removal by way of biochar 
could offer a way for industries or individuals to offset their 
emissions and therefore reduce the amount they pay in fees.

of carbon from the atmosphere rather than a reduction in 
emissions, it could provide a higher environmental benefit 
while exposing business owners and individuals to the 
benefits of generating and using biochar (Puro, 2019). 
Systems such as Puro may also pave the way for the concept 
of carbon removal to be integrated into existing markets, 
such as the carbon cap-and-trade program in California. 
Farmers who want to utilize biochar for its soil health benefits 

Figure 4: Puro Carbon Marketplace. 
Credit: Puro Carbon Marketplace https://Puro.earth

Source: Iowa State University Extension and Outreach
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Home and Community Gardening 
Between 2012 and 2015, CenUSA collaborated with The 
University of Minnesota Extension Master Gardeners and 
the Iowa Extension Master Gardener projects to determine if 
biochar has value as a soil amendment in home gardens. The 
overarching project goal for these “citizen science” teams 
was to determine if biochar could be sold commercially in the 
horticulture market. Researchers from both teams planted, 
maintained and monitored three biochar demonstration over 
the course of the study. The three-year analysis showed a 
few improvements between the control soil and the biochar-
amended soil. Soil organic matter content increased, 
and the soil tilth – a measure of aggregate formation, 
moisture content, and aeration – improved in each biochar 
plot. However, other measures of plant health remained 
inconclusive: the harvest weight for some vegetables 
(kale, potatoes, green peppers) went up, while certain 
plant varieties, such as basil and cucumber, experienced 
a decrease in harvest weight. Researchers concluded that 
given the inconsistency of the data and the variety of factors 
other than biochar that could influence plant growth patterns, 
it could not be determined if there were measurable benefits 
when using raw biochar as a soil amendment in a typical 
home garden (Davenport-Hagen et al., 2017).

Another study that analyzed the plant growth effects of 
biochar in gardens focused on how mixing biochar with 
organic amendments affected the growth of lettuce (Lactuca 
sativa L.). The study, conducted by university researchers 
in Italy, used nine non-pyrolysis organic amendments 
(NPOAs) and ten different types of biochar, resulting in 90 

combinations (Bonanomi et al., 2017). The results of this study 
found that certain combinations, like nitrogen rich materials, 
were very conducive to the lettuce growth and root health. 
Other combinations, such as wood materials, resulted in 
negative growth impacts on the plants. With these results, 
the outcome of a certain mixture is able to be predicted 
based on the chemical interactions common between the two 
materials used. One note from the researchers was that “the 
positive properties of specific NPOA-biochar combinations 
far outweigh the growth promotion observed when their 
component were used separately” (Bonanomi et al., 2017).  
They suggest developing guidelines to ensure that the mixture 
performance matches or exceeds the cost of the amendment. 

Although raw biochar may be unpredictable in its effects on 
home gardens, some are finding ways that biochar can be 
modified to turn it into a marketable soil supplement. Cool 
Planet, a company based in Colorado, processes raw biochar 
to create a more reliable soil amendment. Their treatment 
process involves detoxifying the biochar by removing 
hydrocarbon residues and other substances, bringing the pH 
to a neutral state, and conditioning biochar pores to better 
retain water, nutrients, and beneficial microbes. They call 
the end result Cool Terra®, and report that based on 100 
independent studies conducted on the product, growers can 
expect a 12.3% average yield increase and a 3:1 return on 
investment when using their product (Cool Planet, 2019). Cool 
Planet is not the only company curating biochar-based soil 
conditioners: Wakefield BioChar, Oregon Biochar Solutions, 
and many other U.S. based companies sell biochar soil 
enhancement products, demonstrating that for the time 
being, there may be more value for biochar in the home 
gardening market rather than in agriculture.
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LEARN MORE ABOUT THE EFFECTS OF MIXING BIOCHAR WITH OTHER ORGANIC 

AMENDMENTS IN BIOCHAR AS PLANT GROWTH PROMOTER: BETTER OFF ALONE OR 

MIXED WITH ORGANIC AMENDMENTS?, CHECK OUT THE STUDY AT  

HTTPS://WWW.FRONTIERSIN.ORG/ARTICLES/10.3389/FPLS.2017.01570/FULL

Mine Reclamation
Biochar’s ability to enhance soil health has additional 
applications outside of agriculture and horticulture. There are 
hundreds of thousands of abandoned mine sites worldwide, 
and roughly 500,000 sites in the United States alone (Cui, 
2019). The soils at these locations leech acidic and metal-
rich material into water sources, degrading water quality 
and harming aquatic life. To prevent transport of these 
pollutants, vegetation must be established on-site, but the 
soil is often so damaged that this can often be difficult. Using 
biochar as a soil amendment in mine reclamation is one way 
to improve soil health, sorb heavy metals, and accelerate 
the revegetation process (Peltz and Harley, 2016). Biochar 
can assist in the reclamation process in a variety of ways. It 
has been shown to increase soil and waste rock pH, cation-
exchange capacity, water-holding capacity, organic matter 
content, nitrate concentration and biological nitrogen. These 
changes encourage the establishment of vegetative cover 
while reducing concentrations of heavy metal concentration 
in the soil (Cui, 2019).

As evidence of biochar’s soil-enhancing abilities accumulates, 
a series of case studies have been performed analyzing the 
application of biochar to reclaim mine-affected lands.  In 

one study in San Juan County, Colorado, in an area that was 
mined extensively between 1871 and 1991, soil was amended 
with biochar at a 30% volume in the first six inches of depth. 
Researchers found that water retention increased, bulk 
density decreased, and leachate concentrations of iron and 
aluminum decreased. A second study focused on the Hope 
Mine, also in Colorado, where a cover comprised of biochar, 
erosion control webbing, compost, and hydromulching was 
applied to the deteriorated land. The biochar was applied 
at varying rates of 6.2 to 49.4 tons per hectare. Vegetation 
establishment in the first growing season was excellent, 
and researchers determined that a 12.5% volume/volume 
biochar-compost mixture was optimal for plant growth (Peltz 
and Harley, 2016). A third study done by researchers at the 
University of Colorado, USEPA, and USDA analyzed the effects 
of biochar derived from Miscanthus, a perennial grass, on 
spoiled mine soils. They found that combining a biochar 
treatment with lime reduced concentrations of leachable 
metals in the soils, while biochar on its own reduced dissolved 
organic carbon leaching from the soil (Novak, 2018). By 
analyzing the results of these case studies and the properties 
of biochar, it appears that biochar can condition soil in a 
way that reduces erosion, improves water conservation 
and quality, and facilitates vegetation establishment at both 
abandoned and active mine sites (Peltz and Harley, 2016).

Frongoch Lead and Zinc Mines post capping. Source: Terraffix Soil Solutions
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TerrAffix® Soil Solutions 
One United Kingdom company is capitalizing on biochar’s 
ability to reclaim highly-degraded soils. TerrAffix® Soil 
Solutions manufactures biochar-based soil remediation 
solutions that are specifically engineered to improve the 
health of and establish vegetation on hard-to-reclaim lands. 

Figure 5. TerrAffix®- Carbon Sequestration Cycle.  
Source TerrAffix® Soil Solutions

TerrAffix®- Mine is a matrix of biochar augmented with 
nutrients and minerals specifically targeted at acidic 
soils – when sprayed on impaired soils, TerrAffix® claims 
that the slurry increases water and nutrient retention, 
decreases mobilization and bioaccumulation of harmful 
heavy metals, and prevents pollutants from leaching into 
water bodies. The company offers additional biochar-based 

products for ecological recovery in other applications: 
The company also markets products geared for vegetation 
establishment on railway embankments, vegetated drainage 
swales for roadsides and attenuation purposes, and bank 
stabilization for slopes with weak soils. Like TerrAffix®-
Mine, these products are slurries intended to be sprayed 
over soils requiring remediation to encourage rapid 
vegetation establishment and reduce pollutant mobilization 
into waterways. TerrAffix® has conducted case studies 
analyzing the effects of their product on mine sites and 
roadside swales, finding that a thorough vegetation cover 
was established 3 – 5 weeks after product application. The 
products can cost anywhere from $1.43 - $6.87 per square 
meter of land treated, depending on the product, additives, 
and number of layers required at the reclamation site. The 
company also claims that a genuine carbon sequestration 
and climate benefit value can be calculated for the material 
applied (TerrAffix®, 2019). 

One major benefit of establishment of vegetative cover is 
the erosion control that it provides – vegetated cover can 
reduce erosion by up to 99% when compared to bare soil. 
Because of this, there is an extensive market for erosion 
control products to be used in the construction industry and 
beyond (Minnesota Stormwater Manual, 2019). The biochar 
slurries sold by TerrAffix® may be able to find a foothold in the 
construction erosion field, while concurrently selling into soil 
remediation and reclamation markets posing an opportunity 
for biochar in two promising markets. 
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Peat Moss Replacement
Biochar may be able to offset carbon emissions in ways 
other than soil sequestration. It can serve as a potential 
replacement for peat moss, a common component of soil-
free potting mixtures in greenhouse operations (UIUC, 
2018). The horticultural value of peat moss lies in its ability 
to retain moisture and oxygen while still being lightweight. 
However, harvesting peat moss requires mining of peat bog 
ecosystems, consisting of peat soil and the wetland habitat 
that grows on its surface. These bogs serve as a global 
carbon sink, storing roughly a third of the world’s soil carbon 
(Higgins, 2017). When peat is extracted for horticulture, 
the bog is drained, cleared of vegetation, and leveled. This 
process increases peat moss decomposition on site, thus 
increasing CO2 emissions, and removes living biomass from 
the surface, therefore eliminating any carbon fixing occurring 
in the ecosystem. Eventually, when the extracted peat is 
used as a potting component, it is decomposed by bacterial 
and fungal activity at a rate significantly higher than what 
is observed in natural peatlands, generating CO2 and CH4 
(Cleary et al., 2005).

In an effort to lessen the carbon emissions generated by the 
peat moss industry, Andrew Margenot of the University of 
Illinois and colleagues at the University of California, Davis 
investigated biochar as a potential replacement for peat 
moss in potting mix. The group used softwood biochar as a 
peat substitute in a conventional 70:30 (volume/volume) peat: 
perlite mixture at 10% volume increments. The substrate was 
tested on marigolds; the pH of one group was left as-is, while 

the pH of another group was adjusted using pyroligneous 
acid (PLA), a biochar byproduct. They found that the pH-
adjusted substrates inhibited seed germination for 50-70% 
biochar volume, but that seed germination was not altered for 
the un-adjusted pH group. The substitution did not negatively 
impact marigold biomass or flowering, and at substitution 
rates of 10-30%, marigold biomass was greater than that of 
the control group. This allowed the group to conclude that 
softwood biochar can be a considered a full replacement of 
peat in conventional peat-perlite substrates, and that in the 
case of marigold production, a pH adjustment for biochar is 
not required (Margenot et al., 2018). 

The idea of using pyrolyzed biomass in soil-free substrates 
has been around for decades; studies investigating the use of 
charcoal for substrate improvement date as far back as 1956. 
However, as research on biochar continues to accumulate, 
scientists may be able to engineer biochar production to 
target specific benefits of substrates by altering the way the 
material is pyrolyzed or the feedstock that is used. Nursery 
plants can benefit from biochar-based substrates in a 
variety of ways, from increased water holding capacity to 
pathogen and pest suppression. For these reasons, Margenot 
and his team encourage additional research regarding 
biochar as a full replacement for peat moss. Considering 
that peat moss expense is expected to climb in the years to 
come due to production costs and competing use, biochar 
has the potential to be an improved substrate for the 
horticulture industry both environmentally and economically 
(Margenot et al., 2018).

Peat bricks drying.
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Activated Carbon
Although biochar has immense market potential globally as 
a soil enhancement, the soil enhancement market is still a 
market in its nascent stage. However, the high adsorption 
and cation exchange capacity of biochar may allow it to 
edge into smaller markets currently dominated by activated 
carbon. Activated carbon is charcoal generated by pyrolysis 
of coal, wood, or other materials of plant origin. This charcoal 
is then physically or chemically treated to creates micro-
fissures, significantly increasing its adsorptive surface area 
(Jackson, 2014 and McLaughlin, 2016). Activated carbon is 
a well-established market with roughly one million tons of 
production worldwide each year (McLaughlin, 2016) – with 
an average cost of $5.60 per kg, this amounts to a market size 
of over $5 billion (Alhashimi and Aktas, 2017). Biochar and 
activated carbon have similar properties; their ability to sorb 
heavy metals makes them helpful amendments for several 
markets such as wastewater treatment and soil remediation 
(Hagemann et al., 2018). However, biochar has environmental 
and economic advantages that may give it an edge in 
markets currently dominated by activated carbon (Alhashimi 
and Aktas, 2017).

The production and fate of activated carbon used for 
toxin removal in water, air, and soil may result in life cycle 
emissions that do more harm than good. Alternatively, studies 
have demonstrated that the life cycle of biochar removed 
more CO2 equivalent from the atmosphere than it puts in. A 
2016 literature analysis of 84 types of biochar and activated 
carbon by researchers at the University of New Haven found 

that nearly all studies related to the life cycle of biochar 
found that it had a negative global warming potential, with 
average emissions of -0.9 kg CO2 eq/kg. Literature regarding 
activated carbon reported average emissions of 6.6 kg CO2 
eq/kg. There was also a large disparity in energy demand 
required throughout production – biochar production requires 
6.1 MJ/kg on average, while activated carbon requires 97 
MJ/kg (Alhashimi and Aktas, 2017). 

Reported values for both biochar and activated carbon prices 
are highly variable. The commercial price of biochar ranges 
between $0.8 – $18 per kg, while activated carbon prices 
obtained from literature range from $0.34 – $22 per kg. The 
resulting average costs as determined by the New Haven 
researchers for activated carbon and biochar are $5.60 and 
$5.00 per kg, respectively. However, the International Biochar 
Initiative reported the average commercial biochar price to 
be $3.08 per kg in 2014 based on the prices of 54 products. For 
either estimate, it appears that biochar is a more economical 
option when compared to activated carbon. Because the 
market potential of both products depends on their ability 
to sorb heavy metals, the researchers acknowledge the 
necessity of comparing cost per kilogram of contaminant 
removed by each material. It is important to note that the 
variability in biochar production introduces inconsistencies 
to these comparisons and thus, more research is required 
regarding biochar’s ability to sorb specific metals and the 
corresponding cost. Despite the knowledge gap, biochar’s 
significantly lower environmental impact and promising 
economic position demonstrates that it could be a feasible 
replacement in the industries where activated carbon 
currently dominates (Alhashimi and Aktas, 2017). 
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Water Treatment
Biochar may be able to enter into a portion of the industrial 
water treatment market, where activated carbon is frequently 
used to adsorb organic compounds, odor compounds, 
and synthetic organic chemicals (EPA, 2007).  The use of 
Biologically Activated Carbon (BAC) trickling filters is a 
common practice in wastewater treatment. BAC filters 
are efficient and allow for potential resource recovery, 
but can only handle low influent concentrations of organic 
matter, else they foul quickly. Because of this, their use is 
most practical in tertiary wastewater treatment, a point 
in the process where much of the high organic loading 
has already been removed. To overcome the challenge 
of high concentrations of organics, carbon materials that 
experience slower rates of fouling could expand the potential 
applications of these trickling filters (Huggins et al., 2015).

BAC trickling systems are made up of granular activated 
carbon packed into columns. As water seeps through the 
column, contaminants are adsorbed to the surface of the 
carbon material. Once these adsorption sites have reached 
capacity, treatment efficiency of these systems depreciates. 
This is because granular activated carbon materials 
are comprised mostly of micropores, which are clogged 
easily by suspended solids in wastewater. Concentration 
of contaminants traveling through the filter, flowrate, and 
adsorption capacity of the carbon all affect filter lifespan. 
As a result, selecting a carbon material with the highest 
adsorption capacity could save costs, including labor 
associated with replacing the material. Biochar generated 

from lignocellulosic biomass, such as switchgrass, shows 
particular potential as a replacement for activated carbon. 
This is because pyrolyzed lignocellulosic biomass will retain 
its interconnected structure containing a distribution of pore 
sizes, from large pores to nano-pores. As mentioned above, 
it is also less energy intensive to manufacture than Granular 
Activated Carbon ( “GAC”) (Huggins et al., 2015).

To determine if biochar could save costs and effort in the 
water treatment industry, Tyler Huggins and his team at 
the University of Colorado Boulder compared the efficacy 
of biochar to that of activated carbon for contaminant 
treatment. Polyethylene tubes were either packed with 
biochar prepared from lodge pole pinewood, or with granular 
activated carbon manufactured from coal. Tubes were 
shaken for 24 hours to reach equilibrium concentration 
before adsorption capacity was measured. The team found 
that biochar had a higher removal rate for chemical oxygen 
demand (COD), ammonia (NH4), phosphate (PO4), and total 
suspended solids (TSS) (Huggins et al., 2015).

This higher treatment efficiency can be attributed to the 
larger macrospores possessed by biochar. Bacteria range 
from 0.4 µm to 4 µm in size; granular activated carbon loses 
all macrospores larger than 1 µm during the activation step 
in manufacturing, while biochar made from lignocellulosic 
biomass retains many different pore sizes. This provides 
biochar with the advantage of using more surface area for 
adsorption than GAC.  Although biochar has a history of 
land application, its low cost and high treatment efficiency 
may be able to earn it a place in the wastewater industry 
(Huggins et al., 2015).

Animal waste lagoon on a modern dairy farm.
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Air Treatment
In the same way the adsorption properties of biochar 
make it applicable in water treatment, it may be able to 
effectively sorb harmful compounds from the air as well. 
In some highly urbanized areas of the world, degraded air 
quality is a public health concern (Khan et al., 2018). Volatile 
organic compounds (VOCs) are a source of pollution in 
both indoor and outdoor air quality, as they can be released 
from fuel combustion and industrial emissions as well as 
from household products such as aerosols, paints, and bug 
repellants (EPA, 2017). 

Biochar’s sorption capabilities may have global implications 
in the growing struggle to increase air quality in urban areas. 
Researchers in South Korea, which has the worst air quality 
among the 35 richest countries as of 2018, have taken an 
interest in biochar as an option for air treatment (Lee, 2018 
and Khan et al.,2018). A 2018 study conducted by a group at 
Hanyang University in Seoul set out to find if biochar could 
effectively remove gaseous benzene from the air. Benzene, 
a gasoline component known by the CDC to cause leukemia 
(CDC, 2018), is hazardous even at low concentrations when 
airborne. The study found that biochar produced from a 
mixed feedstock made up of woodchips, food waste, and 
chicken manure and treated with potassium hydroxide had 
a similar treatment capacity to that of GAC, demonstrating 
the feasibility of biochar for air quality management 
(Khan et al., 2018).

Manure Lagoon Covers
Aside from posing a health hazard, some air pollutants 
also cause an odor nuisance. Livestock manure lagoons, 
which are a commonly utilized for storing livestock waste 
until it can be field-applied as fertilizer, emit odor-causing 
compounds such as ammonia, sulfides, and fatty acids, as 
well as greenhouse gasses such as methane, carbon dioxide, 
and nitrous oxide. Leaking waste and ammonia emissions 
can also cause nutrient pollution within the watershed. 
Researchers have long been testing the practice of adding 
biocovers to these lagoons to mitigate gas and nutrient 
emissions; covers made from straw, corn stover, vegetable 
oil, and woodchips have been evaluated, but none are 
currently used on a broad scale (Dougherty et al., 2017).  

Though manure lagoon biocovers have not yet been accepted 
as standard practice, Brian Dougherty and his colleagues 
at Oregon State University have found that floating biochar 
covers on waste lagoons can lower odor intensity, reduce 
ammonia emissions, and adsorb nutrients. The group found 
that biochar pyrolyzed at 600˚C from a mixture of Douglas 
fir bark and center wood was able to reduce ammonia 
concentration in the headspace above the lagoon by 72 – 80%. 
Ammonia is a contributor to ground-level air pollution and 
odor, and can also intensify eutrophication of water bodies, 
so emission reduction could pose a benefit to the public as 
well as the environment. Though the results of the study were 
promising, the experiment also underscores the importance 
of choosing a feedstock and production method for biochar 
that will fit the desired use – biochar made from gasification 
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of Douglas fir chips at 650 ˚C did not demonstrate significant 
ammonia reduction (Dougherty et al., 2017). However, 
sorption of ammonia to biochar is pH dependent; adjusting 
the pH of biochar to a range of 6 – 7.5 could potentially make 
less-promising feedstocks, such as Douglas fir, much more 
effective at retaining ammonia (Fidel, Laird, and Spokas, 2018).  

Because of the multiple feedstock and production options, 
further research must be done to determine which biochar 
type will result in the highest net benefit when used as a 
lagoon cover. Biochar is also more expensive than straw, 
a more conventional method for lagoon covering, but 
Dougherty is optimistic. He has a life cycle vision for biochar 
similar to that of CenUSA’s: Biochar could be generated from 
excess farm residue on-site, and energy from the pyrolysis 
process could be used to heat buildings or water throughout 
colder months. The biochar generated could then be used 
as a lagoon cover, and subsequently be spread on fields, 
allowing the nutrients sorbed from manure to be repurposed 
as fertilizer (American Society of Agronomy, 2017).

Veterinary Antibiotics 
There has been growing concern in recent years regarding 
the overuse of antibiotics in agriculture. In the past, 
farmers were able to supplement animal feed with small, 
“subtherapeutic” doses of antibiotics as a means of 
pathogen suppression and growth improvement. Animals 
go on to excrete these antibiotics, turning manure into a 
reservoir of antibiotic resistant bacteria. Because manure is 
often land-applied as fertilizer, these bacteria are dispersed 
to the environment, thus increasing the risk of antibiotic 

resistance development in humans (Heuer, Schmitt, & Smalla, 
2011). Increased regulation now prevents farmers from 
administering medically-important antibiotics to animals 
at subtherapeutic doses in certain regions of the world, 
including the United States and Europe (USDA, 2017) As a 
result, there is a need to identify alternative methods of feed 
supplementation that confer the same disease prevention 
and growth benefits as antibiotics (Willson et al., 2019).

A group of researchers at Queensland University in Australia 
evaluated the effect of dietary inclusion of biochar in poultry 
feed. Doses of 1%, 2%, and 4% biochar were included in 
layer diets on a weight/weight basis in an effort to determine 
the optimal inclusion level of biochar as an anti-pathogenic 
additive for laying hens. The biochar, sourced from Pacific 
Pyrolysis Pty Ltd in Sydney was pyrolyzed from woody green 
waste. Cloacal samples were taken from live birds to analyze 
the microbial communities of control birds as well as those 
fed 1%, 2%, and 4% biochar. The researchers concluded 
that the best anti-pathogenic effects on intestinal microbiota 
occur at inclusion rates up to 2% w/w, after which the benefit 
either decreased or remained the same (Willson et al., 2019). 

The biochar-fed birds were found to have significantly lower 
levels of campylobacter bacteria in their microbiota; this 
includes a reduction in campylobacter hepaticas, the cause 
of spotty liver disease in chickens (Willson et al., 2019). Spotty 
liver disease is an emerging problem in the poultry industry. 
Although it’s been identified for over 60 years, the disease 
has become a severe problem in the poultry industry over 
the last decade (Moore et al., 2018). Outbreaks can reduce 
egg production by 35% and increase layer mortality by 15% 
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(Courtice et al., 2018). A second research group at Queensland 
University saw a reduction in Campylobacter jejuni – a 
bacterium that causes inflammation of the digestive tract in 
humans when consumed – in the microbiota of biochar-fed 
chickens (Prasai et al., 2016). As antibiotic regulation continues 
to increase, biochar may be a promising alternative for poultry 
producers who hope to safeguard their flocks from pathogens.

Biochar may even be able to reduce the spread of antibiotic 
resistance at its source. A study done in collaboration by 
researchers from China, the United States, and Belgium 
found that when biochar was applied during the composting 
of pig manure, the abundance of 8 antibiotic resistance 
genes was reduced by 26 – 85%. This reduction can likely 
be attributed to a shift in the bacterial community brought 
about by the biochar, and demonstrates that this method can 
be used to reduce the health risks associated with ARGs 
in livestock manure, effectively making it safer to utilize 
livestock manure as fertilizer (Qian et al., 2019).

A handful of studies have also examined the effects of biochar 
supplementation on performance characteristics of poultry. 
A different group of Queensland, Australia researchers fed 
chickens a fungal-contaminated diet to decrease their egg 
production, then assigned them a treatment diet of 1%, 2%, 
or 4% biochar. They found that egg production significantly 
improved, particularly on the 2% biochar diet. The group 
believes that this is a result of the biochar acting as a detoxifier 
and improving digestion, therefore improving feed conversion 
ratio (Prasai, 2017). Because it is no longer legal to administer 
many types of antibiotics at small doses for growth promotion, 
biochar may be able to serve as a less harmful substitute.

Some poultry farmers are finding that they can take their 
chicken litter – a mixture of manure, feathers, and bedding – 
and process it into biochar on site. They can then apply the 
biochar as fertilizer or sell it at a significantly higher profit 
than would could be obtained from raw litter (Cox, 2018). 
Researchers at Brown University found that the poultry 
manure-derived biochar acts as an effective slow-release 
fertilizer. The biochar was tested in both silt-loam soils and 
sandy soils for a 2-year period. At the conclusion of the study 
the biochar addition had increased soil carbon and nitrogen 
storage, improved nutrient retention, and positively affected 
soil fertility overall (Clark et al., 2019). These results are exciting 
for regions containing watersheds that have become impaired 
due to field-application of manure. The conversion of manure 
into biochar could help break the cycle of pollution caused by 
the manure, while providing farmers with an effective fertilizer 
if they choose to land-apply their biochar, or alternatively, an 
extra source of profit if they choose to sell it (Cox, 2018).

Cattle Feed Supplement
Biochar has exciting applications in the poultry industry 
for disease prevention and management, but researchers 
have found use for it in the cattle industry as well. There is 
evidence that feeding biochar to cattle can decrease the 
amount of methane they release. Methane contributes to 
14% of total greenhouse gas emissions worldwide, and 
agriculture accounts for the majority of this emission; of the 
methane emitted by agriculture, 62% derives from the digestive 
processes of ruminant animals such as cows (Toth et al., 2016). 
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Throughout the last decade, researchers have started 
investigating the possibility of mitigating methane emissions 
from cattle with biochar. A 2012 study out of the University of 
Copenhagen supplemented cattle diets with biochar at a high 
rate – 9% of feed dry matter – and then tested the cows for 
methane production.  Biochar-fed cows produced 11 – 17% 
less methane than the control group. A second study done at 
Souphanouvong University in Laos gave 0.6% biochar feed to 
young cattle. They found that live weight gain increased by 
25% compared to controls – indicating that biochar may also 
encourage growth promotion in cattle. The methane measured 
in the cattle’s exhaled gasses decreased by 22%. When 
biochar was added to diets in combination with potassium 
nitrate, methane reduction increased to 41%. The mechanism 
behind this property may be that biochar limits the activity of 
methanogens, which are methane producing bacteria (Toth et 
al., 2016). Although the North American carbon credit market 
is still in its nascent stages, this method of greenhouse gas 
reduction may present an opportunity for livestock farmers to 
make a profit on the carbon market – especially considering 
the fact that one ton of methane is equivalent to 21 tons of 
carbon dioxide (Powers, Schulte, and Stowell, 2009).

Researchers in India found that goats were given feed that was 
supplemented with activated charcoal, the goats produced milk 
that was five times lower in aflatoxin compared to goats that 
were not. Aflatoxins are naturally occurring toxins produced 
by fungi, and are often generated in grain that is later fed to 
cows. Aflatoxins cost the U.S. dairy industry an estimated $200 
million per year; biochar’s ability to serve as a replacement for 
activated charcoal means that supplementing cattle feed with 
biochar could reduce both methane emissions and aflatoxin 
contamination (Finger Lakes Biochar, 2017).

Cat Litter
	 Biochar has applications in the pet industry as well. 
One Ohio-based company called OurPets® manufactures cat 
litter made from biochar and switchgrass. Conventional cat 
litter is made from clay; it is non-biodegradable, it creates 
dust, and is heavy. According to OurPets®, a 10 lb bag of 
the switchgrass blend provides the same amount of litter 
box material as a 25 lb bag of conventional litter. A 10 lb bag 
of the OurPets® litter sells for around $13.50, and while the 
price of conventional cat litter is highly variable depending 
on the brand, a 25 lb bag of conventional litter from one 
popular brand, Fresh Step, sells for $13.00 - $14.00 (chewy.
com pricing). Not only is OurPets® cost competitive, but 
market trends have also shown that consumers in the pet 
market have a growing interest in natural products. Sales 
growth of regular cat litter increases at a rate of about 2% 
annually, a rate proportional to the increase in cat ownership. 
The natural cat litter market, on the other hand, has seen 
a 15% annual expansion or higher in recent years (Caley, 
2016). Biochar is highly absorbent, and does not result in paw 
marking. When used in combination with switchgrass, the 
substances absorb odor and act as a filter, whereas clay litter 
relies on the physical entrapment of odor instead of filtration 
(Kinzel, 2017 and Caley, 2016). The effectiveness of OurPets® 
litter and the rapid expansion of the natural litter sector may 
offer an exciting niche opportunity for biochar in the $2.5 
billion cat litter industry (Kinzel, 2017). 
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Polymers 
Researchers in Italy have begun taking an interest in 
using biochar as an environmentally-friendly filler in epoxy 
resin. Epoxy resin is a type of polymer used in a variety of 
applications, including industrial coatings, general purpose 
adhesives, plastics, paints, and cement binding. A number 
of materials have been investigated for use as epoxy fillers, 
but each has its own electrical and mechanical properties, 
which alter the properties of the polymer overall. One 
group of researchers analyzed the difference between 
supplementing epoxy with two different materials: high-
tech carbon nanotubes, and biochar. The group found that 
supplementing with 2% biochar by weight resulted in a 
remarkable improvement in mechanical properties – such as 
tensile strength and strain loading capabilities – even more 
so than the nanotubes. In addition, carbon nanotubes require 
high energy inputs to create. Conversely, biochar is low-cost, 
eco-friendly, and renewable (Khan, 2017). 

A second study analyzed the effect of maple tree-derived 
biochar as a filler in epoxy resin. The research group found 
that at very low weight percent of biochar addition, the 
materials became stiffer. However, at 2% biochar addition, 
the resin became less fragile and more ductile, experienced 
up to a 63% increase in ultimate tensile strength, and had 
a tensile toughness 11 times higher than the pure resin 
control. This research is significant because conventional 
epoxy production produces considerable amounts of CO2. By 
replacing some of this material with biochar, which requires 
very little energy input to produce, overall emissions and 
energy requirements for the industry could be considerably 

lowered. The epoxy industry amounts to more than $5 billion 
in North America and $15 billion worldwide. If biochar is 
used as an epoxy filler, even at a low weight percent, this 
market could pose a huge commercial opportunity for biochar 
(Giorcelli, 2018). 

RESEARCHERS AT TUSKEGEE 

UNIVERSITY IN ALABAMA HAVE 

COMPOUNDED BIOCHAR WITH 

RECYCLED PET (POLYETHYLENE 

TEREPHTHALATE) PLASTIC DERIVED 

FROM DISPOSED WATER BOTTLES TO 

CREATE BIOCHAR/PET COMPOSITE 

FILAMENTS FOR 3D PRINTING. THE 

RESULTING COMPOSITE MATERIAL 

HAD IMPROVED MECHANICAL, 

THERMAL, AND DYNAMIC 

PROPERTIES WHEN COMPARED TO 

PET ALONE. JUST A 5% WEIGHT 

ADDITION OF BIOCHAR RESULTED 

IN A 60% INCREASE IN TENSILE 

STRENGTH (IDREES ET AL., 2018). 
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Building Materials
Biochar has extremely low thermal conductivity and an 
ability to absorb water up to six times its weight. Because 
of these two properties, biochar is exceptional for use as an 
insulation material and a humidity regulator. With these facts 
in mind, The Ithaka Institute for Carbon Strategies, based 
in Switzerland, devised a way to restore and refurbish wine 

cellars using a biochar-clay mixture. Maintaining optimal 
humidity in wine cellars is important, as too much moisture 
promotes the growth of harmful microbes, while too little 
moisture leads to particulate pollution and wine evaporation. 
The group sprayed the biochar mixture on old cellars in a 10 
cm thick layer, and found that the machine-sprayed mixture 
is able to keep cellar humidity at a constant 60 – 80% year-
round, which greatly reduces the development of unwanted 

Figure 6: Biochar Production System  
Source: International Biochar Initiative (https://biochar-international.org/biochar-technology)
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mold and microbes in the cellar. In addition, the high porosity 
of the biochar allows it to absorb contaminants and toxins 
while binding the gases produced throughout the wine 
fermentation process (Schmidt, 2013). 

The Ithaka Institute hopes that this process catches on as 
natural way of optimizing a cellar’s climate; they also claim 
that this technology would be effective for food storage, 
animal housing, warehouses, or even homes and offices as a 
substitute for Styrofoam insulation (Schmidt, 2013). Others are 
even experimenting with the use of biochar in brick making; 
trials have demonstrated that biochar can be used as an 
additive for brick and concrete elements at a ratio of up to 
80% (Ithaka Institute, 2013). By using biochar-based building 
materials, houses can become long-term carbon sinks while 
providing a healthier indoor climate. In addition, if one of 
these houses were to be demolished later on, the biochar 
mixtures could be used as a compost supplement instead of 
becoming hazardous waste (Schmidt, 2013).

BIOCHAR NOW, A COMPANY 

MANUFACTURING BIOCHAR FROM 

BEETLE-KILLED PINE TREES IN 

COLORADO, SELLS BIOCHAR TO OIL 

AND GAS EXTRACTION COMPANIES. 

THE BIOCHAR SERVES AS A BONDING 

MATERIAL FOR TOXIC SUBSTANCES, 

CAPTURING AND SEQUESTERING 

HYDROCARBONS AND VOLATILE 

ORGANIC COMPOUNDS FROM THE 

CONTAMINATED WELL CUTTINGS. 

THE COMPANY ALSO SELLS BIOCHAR 

FOR WATER FILTRATION PURPOSES 

ON THESE JOB SITES, EFFECTIVELY 

REMOVING POLLUTANTS FROM 

PRODUCTION WELL WATER BEFORE 

IT IS DISCHARGED INTO THE 

SURROUNDING WATER SUPPLY 

(BIOCHAR NOW, 2016). 
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BIOCHAR PRODUCTION CAN 
HAVE A HIGHLY VARIABLE 
CARBON FOOTPRINT

depending on the type of feedstock and 

pyrolysis method used to generate biochar.
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Challenges 

Biochar shows promise in a wide variety of industries; however, there are questions that need to be 

asked when analyzing how realistic it is to expect long-term, lucrative markets to be established in each 

of these fields. At this point in time, it would be nearly impossible to quantify the size of the biochar 

soil amendment market. This is because there is insufficient research regarding the quantity of biochar 

that would be required in the home gardening and agricultural industries. If biochar can be purchased 

and applied to soil at a single time point, and the producer sees benefits in the soil as a result of the 

biochar for years following the amendment, then there would be little incentive for the producer to 

repurchase biochar regularly – on the other hand, if benefits only occur for one or two years following 

application, there may not be enough financial incentive for growers to keep repurchasing biochar. 

Very few studies comparing biochar effect on yield come 
from long-lasting, longitudinal experiments. Results from 
these studies indicate that yield results tend to continue 
for several years following application, but at lower rates 
in compared to the first few years (Bach et al., 2016). 
Because of this uncertainty, commercial biochar producers 
may end up relying on markets that require consistent 
biochar production – such as water treatment, peat moss 
replacement, or livestock feed supplement – to make a 
consistent profit for the time being.

Determining realistic benefits that would result from 
widespread biochar use may also prove to be difficult. 
Biochar’s carbon sequestration abilities have caused many to 
tout it as a climate change mitigation method; others are not 
as confident that biochar production could have a meaningful 
impact on emissions. Some studies have shown that biochar 
application to land creates a “priming effect”, where the rate 
of organic matter composition increases, thus increasing 
microbial output and plant matter decomposition rates. 
There is some thought that this increased decomposition 
could result in carbon emissions from decaying matter that 
exceed the amount of carbon biochar is able to sequester, 
negating the net-negative impact that biochar has on the 
environment (Cooper, 2016). A study out of the University of 
Sydney found that biochar may cause positive priming or 
negative priming depending on soil type and soil temperature 
(Fang, 2015). Questions remain in regard to a priming effect 
and further research is required before conclusions can 

be drawn. Because biochar composition and properties as 
well as soil composition can vary so heavily, soil microbe 
response is highly variable as well. This is why, as described 
above, biochar will accrue more benefits in some soils than 
others. Additionally, biochar production can have a highly 
variable carbon footprint depending on the type of feedstock 
and pyrolysis method used to generate biochar (Porter, 2014). 
Until more research is done, it will be hard to quantify an 
emission reduction benefit caused by biochar.

Another significant barrier to global biochar use is the lack 
of a ‘biochar regulatory scheme”. As mentioned previously in 
this paper, the European Union is not yet prepared to regulate 
the production and application of biochar. At present, the 
word “biochar” has not been mentioned by name in any 
European or national legislation. However, voluntary biochar 
quality standards have been established for Europe, the 
United Kingdom, and the United States by independent 
organizations. Furthermore, existing legislation regarding 
fertilizers, soil improvers, and wood charcoal have allowed 
biochar producers and users in certain European countries 
to fit their product within existing national regulations. One 
obstacle to creating science-based biochar policies in these 
countries is the lack of study replication; studies regarding 
the properties and effects of biochar must be reproduced to 
build a policy framework around them. To get to this point, 
involvement from biochar producers in the form of funding 
further research may be required (Meyer et. al, 2017).

BIOCHAR’S CARBON SEQUESTRATION ABILITIES HAVE CAUSED MANY 

TO TOUT IT AS A CLIMATE CHANGE MITIGATION METHOD; OTHERS 

ARE NOT AS CONFIDENT THAT BIOCHAR PRODUCTION COULD HAVE A 

MEANINGFUL IMPACT ON EMISSIONS.
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When compared to the products it could compete with, 

such as activated carbon or peat moss, 

BIOCHAR IS OFTENTIMES 
CHEAPER AND 
MORE SUSTAINABLE 
TO MANUFACTURE, 

providing further motivation 

to explore all of its possible applications.
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Conclusion

Researchers around the world have been studying biochar for decades, but there is still more work 

to be done if we are to thoroughly understand its properties, limitations, and potential applications. 

The multitude of feedstocks and production methods means that predicting the way different batches 

of biochar will perform in different markets will be a difficult task. Some biochar batches may be 

well suited to absorbing toxins in air and water treatment applications; others may function best as 

a livestock feed for growth promotion, disease prevention, and methane reduction; still others may 

perform well in manufacturing polymers or building materials. Determining which types of biochar are 

best suited to each purpose or product type will require time and extensive research; as time goes on, 

we may find that biochar is very well suited to some markets and not practical for use in others. 

BY IMPROVING SOIL FERTILITY AND WATER HOLDING CAPACITY 

IN AGRICULTURAL SOILS WITH BIOCHAR AMENDMENTS, FOOD 

PRODUCTION AND WATER USE EFFICIENCY COULD BE IMPROVED  

ON A GLOBAL SCALE.

Despite the unknowns, it is in our best interest to explore 
every avenue for carbon sequestration. If biochar can store 
carbon in soil for millennia, reduce soil emissions of other 
greenhouse gasses such as nitrous oxide, reduce methane 
production in livestock, and at the same time improve soil 
properties, there are reasons to continue investigating the 
best ways to produce and utilize it. In addition to humankind’s 
fight against climate change, we face growing problems in 
food production and water scarcity as well. By improving 
soil fertility and water holding capacity in agricultural soils 
with biochar amendments, food production and water use 
efficiency could be improved on a global scale. 

As research demonstrating the benefits and applications 
of biochar accumulates, biochar’s global market size has 
steadily expanded. According to a survey done by the 
International Biochar Initiative, as of 2018, more than 100 
companies were producing roughly 45,000 tons of biochar 

annually in the United States alone (Cox, 2018). With an 
average consumer end retail price of $3.08 per kg, this 
translates to a 2018 market size of $125 million. As society 
seeks out new and innovative ways to meet its needs while 
meeting the needs of the planet, it’s likely that this number 
will only continue to grow. When compared to the products 
it could compete with, such as activated carbon or peat 
moss, biochar is oftentimes cheaper and more sustainable 
to manufacture, providing further motivation to explore all 
of its possible applications. As our understanding of biochar 
production and properties becomes more comprehensive, we 
may begin to see expansion of its use in the soil amendment 
market as well as in smaller niche markets. Ultimately, 
the widespread use of biochar could improve agricultural 
production and provide an affordable, sustainable feedstock 
for a variety of niche markets while aiding in the reduction of 
harmful emissions.
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