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application to the promotion of
circular economy in agriculture

Ghizlane Enaime, Marc Wichern and Manfred Lübken*

Institute of Urban Water Management and Environmental Engineering, Ruhr-Universität Bochum,
Universitätsstrabe, Bochum, Germany
The traditional linear model in agriculture based on the so-called ‘take-make-

waste’ has created many problems such as resource scarcity, waste generation,

climate change and biodiversity loss. Recently, with the increase in public

awareness, the attentiveness in developing a circular economy model was

doubled with a focus on proper waste management to bring some benefits to

the agricultural sector. Although the increasing acceptance of biochar as a

carbon-based material capable of playing a multidimensional role in reducing

waste, mitigating climate change, and creating a closed-loop agricultural system,

it is still far to move to a final conclusion that biochar application in agriculture

could bring attractive environmental and economic benefits. Research

conducted so far has led to many insights into how to enhance agricultural

sustainability through biochar application, as the impact of biochar is strongly

interrelated to their inherent properties, which vary deeply with the nature of

biomass and the preparation conditions. In the present study, a systematic

literature review was performed to investigate the state- of-the-art research

related to the application of biochar in agriculture and its contribution in the

establishment of circular economy concept. The interlinking between biochar

application in agriculture with energy-water systems and its contribution to

successfully build up a circular economy model has also been investigated.

KEYWORDS

biochar, agriculture, circular economy, energy-water systems, waste-to-
resource concept
1 Introduction

Today’s world is facing great challenges related to the increase in anthropogenic

activities threatening the environment and the sustainability of various ecosystems.

Agricultural sector is the major consumer of water and energy, and it accounts for more

than 90% of the global environmental impacts (Ellen MacArthur Foundation, 2019). It has

become more urgent than ever to introduce new alternative strategies that encourage the

establishment of more sustainable agricultural practices aiming the mitigation of emissions

and the proper management of agricultural wastes, while improving the agricultural

productivity to respond to the continuous increase in food demand without negatively
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affecting ecosystems and natural resources. In the same green

economy framework, the concept of circular economy (CE) is

gaining momentum as an environmentally sustainable model that

promote the regeneration, restoration and the rational use of

natural resources (Sarkar et al., 2022b). The main objective of this

strategy is to close the loops on the previous linear processes by

considering wastes as alternative resources that could be recycled as

value-added products and consumed (Sarkar et al., 2022a). Among

many scenarios, the conversion of biomass into biochar is

considered as a valuable and sustainable option for waste

management within the recently promoted CE concept (Figure 1).

The conversion of biomass into biochar implies a series of complex

chemical reactions including decomposition, depolymerization and

condensation under high temperatures (Wang andWang, 2019; Hu

et al., 2021). In addition to be cheap and simple to produce, biochar

chemical and physical properties including its cation exchange

capacity (CEC), its hydrophobicity and its porosity and surface

area, reveal its broad application prospects, which is continuing to

expand (Zornoza et al., 2016). Thus, in addition to its use as

construction material and as an adsorbent for wastewater

treatment, the expanded application of biochar in agriculture has

been recently growing (Enaime et al., 2020a; Hu et al., 2021).

Biochar application in soil could improve its water retention

capacity, increase nutrients availability and reduce greenhouse gas

emissions. Biochar could also be used to alleviate environmental

issues due to its adsorption capacity towards pollutants in soil, this

could be due to the high content of oxygen containing groups on its

surface (Song et al., 2021). The reincorporation of biomass in the
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soil in the form of biochar is considered as a blocking pathway for

the natural carbon cycle, allowing the sequestration of atmospheric

CO2 in a long-term stable holder (Woolf et al., 2016). Biochar

produced from agricultural wastes may also be used for energy

production at local level, which helps in creating a certain energy

independence particularly in rural agricultural regions (Ahsan et al.,

2022). Although the numerous reports currently available on the

production of biochar and the benefits of its application in

agriculture from different and specific aspects (Allohverdi et al.,

2021; Enaime and Lübken, 2021), people still consider that biochar

specific impact on agriculture productivity is not enough

demonstrated to spend for it. This review aims to highlight the

CE-based environment management aspect of biochar. Biochar

properties and their specific benefits when applied in agriculture

have been discussed based on previous studies in a CE context. The

main challenges affecting the commercialization of biochar and its

wide spread application in agriculture are also provided.
2 Role of CE for sustainable agriculture

To responds to the forecasted increase in world population and

then to the projected increasing demand for food, agricultural and

food world production must increase by 70% by 2050 (Food and

Agriculture Organization of the United Nations, 2009). This urgent

increase will certainly create an unbalance in the long-term

availability of natural resources (Velasco-Muñoz et al., 2021). The

magnitude of this unbalance is doubled by the impacts of climate
FIGURE 1

Biochar application in agriculture based on the waste-to-resource model within the CE context.
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change; especially the increase in temperature and the change in

global precipitation patterns (Nelson et al., 2009). The increase in

agricultural and food production is also accompanied by an

inevitable increase in the production of waste. For instance,

Europe is annually producing 1.3 billion tons of waste, of which

700 million tons are generated from the agricultural activities

(Pavwelczyk, 2005). It is believed that agriculture is an important

contributor to global pollution, natural resources stress, loss of

biodiversity and ecosystems toxicity due to the excessive use of

inorganic fertilizers, which contributed immensely to soil and water

pollution (Ellen MacArthur Foundation, 2019; Gogoi et al., 2019). A

degradation of soil quality (soil acidity, depletion of soil organic

matter stock, soil erosion) could also be claimed after a long-term

cultivation, which can affect the agricultural productivity (De Meyer

et al., 2011). Agriculture is also the main contributor to the

anthropogenic greenhouse gases (GHGs) (about 25%) and to the

total global anthropogenic methane and nitrous oxide emissions (52

and 84%) (Smith et al., 2007; Smith et al., 2008). Out of the above

challenges can emerge an opportunity to decouple the agronomic

development from the traditional linear production models

essentially based on the extraction of natural resources and their

conversion into products and wastes (Murray et al., 2015), and to

move into CE models aiming especially in saving resources and

reducing environmental impacts of the agricultural sector while

ensuring a satisfying economic performance (Kuisma and

Kahiluoto, 2017). Development of CE models can also provide

value through the creation of new industries and jobs. CE as

described by Ellen MacArthur Foundation (2013) is “an economic

system of closed loops in which raw materials, components and

products keep their quality and value for the longest possible and

systems are fueled by renewable energy sources”. In other words, CE

aims to develop a model that can effectively reduce the use of

natural resources and the production of wastes, while designing the

use of these latter as valuable co-products in various systems (Toopa

et al., 2017). The CE is recently promoted in the agriculture for its

ability to transform challenges into solution. This concept could be

established by the conversion of agriculture residues or wastes from

other sectors into valuable products that could be utilized for

multiple agricultural and environmental purposes, leading to

improved processes and to the creation of new businesses as well.

In the framework of CE, several technologies either mature or

under development are suggested to convert food wastes into

organic fertilizers, medicines, and bioenergy. Thermochemical

conversion of wastes into biochar has been suggested as a

sustainable strategy for the management of the agricultural wastes

annually generated in farms (Enaime and Lübken, 2021).

Sustainable agriculture involving biochar application can be

performed in smaller scale considering the farming system as a

closed area that should exploit their self-wastes and convert them

into biochar to sustain itself over a long period of time. This enables

them to protect their productive area by conserving soil fertility,

reducing the impact of agricultural activities on surface and

groundwater resources, developing new sustainable energy

sources, and reliving challenges related to climate change (Semida

et al., 2019). The reintegration of agricultural wastes in the form of

biochar in different agricultural activities is perfectly in line with the
Frontiers in Agronomy 03
principles of CE in creating of closed-loop agricultural systems

(Ellen MacArthur Foundation, 2012; World Economic Forum,

2014). This will allow increasing the value of agricultural wastes,

reducing their impacts while enhancing the agricultural production.

The second approach considers that agriculture should also

contribute to the establishment of sustainability in wider level.

This approach does not separate rural and urban areas and

considers that agriculture should help urban areas to manage

their wastes by converting and reintegrating them in different

agricultural activities.
3 Biochar production and properties

Biochar is a solid, carbon-rich material produced by

thermochemical decomposition of biomass in oxygen-depleted

atmosphere (Tripathi et al., 2016). Biochar properties are directly

related to its chemical composition in organic and inorganic

constituents. The organic matter of biochar is dominated by

carbon, oxygen, hydrogen, sulfur and nitrogen, while the

inorganic fraction, which is in the form of ash, is essentially

composed of silica, aluminum, calcium, magnesium, phosphorus,

sodium and potassium (Jindo et al., 2020). Hydroxyl, carbonyl,

epoxy, carboxyl, ether, ester, sulphonic, aliphatic, phenolic and

aromatic C groups are the main functional groups identified on

biochar surface (Yuan et al., 2019). Mekuria and Noble (2013)

reported that biochar with high content of carboxyl and phenolic C

groups exhibits high CEC and then a high affinity for the adsorption

of nutrients. Biochar properties vary significantly depending on the

raw biomass, the thermochemical conversion method used and the

preparation conditions, especially temperature, reaction time,

heating rate, and ventilation conditions (Tang et al., 2013). The

selection of the process and process parameters is performed based

on the nature and properties of biomass and the desired final-

products like biochar, biogas and bio-oil (Singh et al., 2022).

Pyrolysis , torrefaction, gasification and hydrothermal

carbonization (HTC) are generally used for the conversion of

biomass into biochar (Enaime et al., 2020a). Pyrolysis is the most

common method used to convert biomass into biochar (Qian et al.,

2015). The effect of pyrolysis temperature is critical in designing

specific biochar for specific agricultural purposes (Jindo et al.,

2020). The increase in pyrolysis temperature induces an increase

in biochar aromatic C content (ranging from 17 to 85%)

(Domingues et al., 2017; Solaiman et al., 2019), whilst other

properties such as O/C and H/C ratios and the content of

carboxyl groups decrease (Yuan et al., 2019; Jindo et al., 2020).

Biochars produced at high pyrolysis temperatures have lower CEC

than low temperature biochars (Gai et al., 2014). The nature of

feedstock is also affecting biochar CEC. For instance, biochars

produced from woody exhibited lower CEC than those derived

from manure waste (Jindo et al., 2020). Other parameters such as

reaction time and heating rate are reported influencing biochar

decomposition rate when applied to soil. Based on these two

parameters, pyrolysis can be subdivided into slow pyrolysis (long

residence time; > 1 h and low heating rates; 5 to 10° C/min) and fast

pyrolysis (residence time less than 10 s and heating rates over 200°
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C/min) (Qian et al., 2015; Zhang et al., 2019; Zhang et al., 2019).

Biochar produced via fast pyrolysis has a slower rate of

decomposition in soil than biochar formed through slow pyrolysis

and could provide a beneficial effect of amendment that can for long

lasted (Jacobs et al., 2015; Ok et al., 2016). Similar to slow pyrolysis,

torrefaction is usually carried out at a slow heating rates and

temperatures ranging from 200 to 300°C under an inert

atmosphere by involving various decomposition reactions.

However, torrefaction is generally applied to upgrade the

thermochemical properties of the biomass allowing the

production of biochars with high calorific values since this

process induces only 30% weight loss, with only 10% of the

energy initially present in the biomass is released in the form of

gas (Kambo and Dutta, 2015; Yu et al., 2017). In other hand,

gasification is principally used to convert biomass into a mixture of

combustible gases (mainly carbon monoxide and hydrogen and

small amounts of carbon dioxide, methane, water and hydrocarbon

derivatives) under a controlled flow of oxidizing agent at high

temperatures (>700°C) (Qian et al., 2015; Weber and Quicker,

2018). Tay et al. (2013) reported that the treatment of Victorian

brown coal by gasification at 800°C in the presence of steam as an

oxidating agent decreased the relative ratio of small and large

aromatic ring structures in biochar and reduced the volatization

of Mg and Ca ions during the thermal process. Fewer attention has

been, however, dedicated to the mechanism involved in the

formation of biochar by gasification and its application in

agriculture, considering that biochar is produced as a secondary

product with a lower yield (about 10% (w/w)) as compared to that

of gaseous by-product. In comparison to other conventional

technologies typically used for low-moisture biomass, HTC is an

effective and economical method in processing high-moisture

biomass (Wilk and Magdziarz, 2017; Lee et al., 2018; Enaime

et al., 2020b). Under HTC conditions, biomass is pressurized in

aqueous medium at temperatures ranging from 180 to 250°C and

do not need an intensive predrying step of the feedstock, which

decreases the cost and energy of the process (Libra et al., 2011; Yu

et al., 2017). Hydrochar is the desired product in the HTC process,

recovered with a yield of about 40-70%, which is higher than that of

pyrolysis biochar (Chen et al., 2017). Liu and Balasubramanian

(2014) assumed that with the same mass yield, the densification

ratio achieved by HTC is higher than that of pyrolysis. Even though

that both biochar and hydrochar can be utilized in agriculture for

similar purposes and can act as multi-functional soil amendments

affecting structural, physico-chemical and microbiological

properties of soil, their physical and chemical properties

significantly differ according to the nature of biomass and the

preparation condition (Hitzl et al., 2015; Yihunu et al., 2020).

While biochar is a pyrogenic carbonaceous material rich in

aromatic compounds and exhibiting a high degree of porosity,

hydrochar is hydrophobic, more energy dense and rich in

functional groups (Wiedner et al., 2013; Yihunu et al., 2019). The

abundance of oxygen-containing groups on hydrochar surface

improves its CEC and affinity to water, which affect positively the

water holding capacity of the soil (Zhang et al., 2019). Hydrochar is

generally considered less stable and more easily decomposable

compared to biochar due to its high labile carbon content and its
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low content in aromatic compounds (Gascó et al., 2018). The lower

temperature used in the HTC process simulates the natural process

of humification and the conversion of biomass into materials with

properties similar to those of peat (Álvarez et al., 2017). Although

biochar is recognized for its resistance to biodegradation, the

presence of bioavailable organic components in its structure was

also reported (Rombolà et al., 2016). Biochars/hydrochars produced

from different precursor and by different production methods were

found to contain adsorbed volatile organic compounds, polycyclic

aromatic hydrocarbons and numerous potentially toxic organic and

inorganic elements (Spokas et al., 2011; Becker et al., 2013; Buss

et al., 2015; Chakrabarti et al., 2015). The content of these

compounds in most chars have been however reported under the

threshold values recommended by International Biochar Initiative

(IBI) and European Biochar Certificate (EBC) (Wiedner

et al., 2013).
4 Contribution of biochar in
agriculture sustainability

As described above, agriculture is facing serious environmental

and economic challenges. The rising concerns about these global

issues exerted more pressure on agricultural actors to make key

changes in the management of their activities to achieve

sustainability and economic improvement. The interest in

searching naturally derived and/or organic materials and its

application in agriculture has notably increased in the past few

years. Manures and sewage sludge composts have been used as

alternative organic biofertilizer that could effectively substitute

inorganic fertilizers. These residues contain, however, pathogens

and its improper application in soil may induce negative effects such

as soil acidification, release of GHGs and contamination of surface

water and groundwater (Lehmann et al., 2011). Biochar application

in agriculture is alternatively receiving increasing interest for its

beneficial effect from both agronomical and environmental

prospects (Calvo et al., 2014; Akhtar et al., 2015). As reviewed by

Enaime and Lübken (2021), biochar can be a multi-functional

player in the CE through its application in agriculture as a soil

amendment, for animal feeding and for remediation purposes.

The lifecycle of biochar in soil depends strongly on the rate of

biochar degradation and on the degree of soil fertility (Allohverdi

et al., 2021). Carbon sequestration rate increases at lower

decomposition rates (Roy and Dias, 2017). Xu et al. (2018)

amended four paddy rice fields and 3 maize fields in mainland

China with biochar. Authors observed a reduction in carbon

footprint by 20.37–41.29 t CO2 equivalent per ha for paddy rice

and 28.58–39.49 t CO2 equivalent per ha for maize production, as

compared to the experiment without biochar addition. In another

investigation, Spokas and Reicosky (2009) studied the effect of the

addition of 16 different types of biochar on GHG release. Most chars

evaluated reduced the rate of net CH4 oxidation in soil, decreased

CH4 production in an initial CH4 producing soil. Biochar can use

soils as a receptacle not only to sequester CO2 but also other GHG

such as nitrous oxide. Nitrogen-rich-feedstock such as chicken

litter, animal manure and municipal sewage sludge allow the
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transfer of nitrogen to the plants (Solaiman and Anawar, 2015). In a

study performed by Liu et al. (2020), a low organic matter sandy-

loam soils were amended with straw derived biochar. Authors

observed a great decrease in N2O emissions, a slight increase in

crop yields but no GWP decrease after biochar treatment for over

five rotation year. In addition to its contribution to carbon

sequestration, the carbon footprint of biochar must also include

biochar production process. Spokas and Reicosky (2009) reported

that the GHG released during biochar production are compensated

when biochar is applied as soil amendment. Global warming

potential (GWP) measures how much energy the emissions of

one ton of carbon dioxide will absorb over a given period of time

(Woolf, 2008). The source of the feedstock and its growth

conditions are important factors affecting the overall GWP of

biochar. Feedstocks originated from forests and energy crops

cultivated on marginal land could create a carbon debt (Roy and

Dias, 2017). Additional GHG impacts could also be unintendedly

produced as a result of the expansion of bioenergy crops on

productive agricultural lands (Sanscartier et al., 2014).

Besides carbon sequestration, the application of biochar in

agricultural soils improves several soil characteristics such as

water and nutrients retention capacity, soil structure, soil organic

matter and the activity of soil microbial communities, which also

increases crop yields (Table 1). Application of biochar to soils can

decrease fertilizers leaching to surface and groundwater, allowing a

promising soil’s fertility management (Glaser et al., 2002; Lone

et al., 2015). Furthermore, biochar could be used as a filler in

nitrogen-rich compost processes, improving then the degradation

rate and reducing odor emissions and loss of nitrogen (Dias et al.,

2010). Liu et al. (2017) reported that the addition of biochar to

poultry manure at a rate of 10% during composting allowed the

highest OM degradation rate and the lowest ammonia and GHG

emissions with an ideal cost. Biochar also gained attention for its

higher capability to reduce pesticide bioavailability, due to their

polar and non-polar groups (Khorram et al., 2016; O’Connor et al.,

2018). The improvement in soil characteristics and the remediation

of soil will definitely induce an increase in crops production. For

instance, Srinivasarao et al., 2014) observed a significant increase in

the rain fed crops yield following the addition of 1000 kg/ha of

organic matter in the form of carbon in the root zone. The beneficial

effect of biochar application on crop productivity also includes its

contribution in protecting the environmental system. For example,

raising crop yields within the existing agricultural lands without

expansion to new lands allows protecting natural ecosystems from

intensive agricultural activities (Allohverdi et al., 2021).

As described above, soil amendment with biochar is a win–win

strategy, allowing both carbon sequestration and crop production

increase. However, it might not be realistic to simultaneously have

both benefits in their maximum level. Biochar intended to carbon

sequestration has less impact on soil quality, while biochar designed

to maximize crop yield present a limited carbon sequestration

potential (Jeffery et al., 2015). The biochar in the soil undergoes a

natural aging process inducing an increase in its surface area and

ability to adsorb nutrients. Prior chemical oxidation can further

accelerate the natural aging process of biochar, which can further

improve cation adsorption capacity and reduce nutrient leaching.
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However, the oxidation process simultaneously results in carbon

loss and therefore reduces the potential for carbon storage in soil

(Jeffery et al., 2015). The oxidation of biochar may also reduce the

resistance of biochar to decomposition, which can further reduce

the potential of carbon storage in soil (Nguyen et al., 2010).

Agricultural sector could be then considered as an area where

biochar can be used in huge quantities to sequester carbon and to

simultaneously creates an economic and sustainable strategy for

agricultural wastes management. In the same line, biochar

application could be a promising method to restore degraded lands

and maintain their long-term fertility. Adding biochar can also help

improve crop yield by improvingwater and nutrient retention in soils

without the need of intensive addition of chemicals and synthetic

fertilizers. All these aspects could contribute to ensuring the

sustainability of agriculture and supporting the circular economy

model, especially in regions characterized by limited natural

resources, water scarcity and restricted access to fertilizers.

However, it is still difficult to fully understand and evaluate the

specific role of biochar in the sustainabilitymodel and tomeasure the

magnitude of its impact on agriculture in long term prospects.
5 Coupling biochar application in
agriculture with energy-water systems
in CE perspectives

Further improvements of biochar application are suggested to

better build up the principles of the CE. This will open the door for

more sustainable management of agricultural wastes by combining

different technique and innovative strategic approaches (Singh

et al., 2022). Anaerobic digestion (AD) of agricultural by-products

contributes not only to the reduction of GHG emitted by

agricultural activities, but also allows the production of biogas

that can be subsequently used as a biofuel with high energy

content. The application of AD for the management of

agricultural wastes enhances then the contribution of the

agricultural sector in producing clean energy and protecting

ecological systems (Monlau et al., 2013; Sambusiti et al., 2013;

Enaime et al., 2020c). There is currently considerable potential for

biogas technology using a variety of digestible residues; including

agricultural wastes such as straw, animal and poultry manure and

livestock farming (Lübken et al., 2007; Wichern et al., 2008). When

considering the global valorization of all side-streams, AD

contributes only partially to the resolution of agricultural waste

management problem, as a significant fraction of waste organic

content, such as polysaccharides and lignin, remains in the

produced digestate (Santi et al., 2015; González et al., 2020).

Although the increasing efforts made to promote the

implementation of AD on broader scale, clear and consistent

directions on the subsequent use of the obtained digestate are still

not sufficiently presented (Saveyn and Edder, 2014). Digestate is

rich in valuable nutrients such as nitrogen, phosphorous and

potassium. The conventional recycling model lying in the direct

utilization of digestate as soil conditioner in agriculture and

horticulture and/or as fertilizer. Although it can promote the
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TABLE 1 Effect of biochar application on soil properties.

Soil
parameter

Biochar production Biochar
application

rate

Effect Ref.

Feedstock Pyrolysis
temperature

Properties

CEC Mixed hardwood
(Querus and Carya
spp.)

Slow pyrolysis
(traditional kilns)

1.5% C, 0.72% N, 63.8% Fixed C, 19.7%
Volatiles, 13.9% Ash, 2.6% Moisture, pH 7.6

20 g/kg + 20% Laird et al.
(2010)

Coffee husk 350°C 13% Ash, 35% Volatiles, 61% C, pH 9.7, 69.7
cmol/kg CEC

20% +90% Domingues
et al. (2020)

90% beech (Fagus
sp.) and 10% oak
(Quercus sp.) wood

Carbonization at
475°C and
activation at 900°
C

888 mg/g C, 7.9 mg/g N, 14.5% Ash, 2.40
cmol/kg CEC, pH 8, 108 m2 /g Surface area

0, 2.0 and 7.5 g
kg soil

+ up to 8.5% Borchard
et al. (2012)

Maize straw and
bamboo residues

500°C 71.4% C, 0.7% N, 19.9% Ash, pH 9.8 16.5 t ha +51.54% Rombolà
et al. (2019)

pH Wheat straw 350-550°C 46.7% C, 0.59%N, 20.8% Ash, pH 10 40 t/ha
(without N)

+7.99% Zhang et al.
(2010)

40 t/ha (with
N)

+ 3.68%

Maize straw and
bamboo residues

500°C 71.4% C, 0.7% N, 19.9% Ash, pH 9.8 16.5 t ha + 23.4% Rombolà
et al. (2019)

Waste willow wood
(Salix spp.)

550°C pH 8.3, 47.5% C, 0.38% N, 11.2 cmol/kg CEC 2.5 t/ha +1.73% Agegnehu
et al. (2016)

Mature switchgrass Carbonization at
350°C et
activation at
800°C

5.8 pH, 5.86% Ash, 88.0% Total C, 0.68% Total
N

0, 1, 2%, and
10%

A slight decrease
in the pH values
(Values not
shown)

Ippolito
et al. (2016)

Eucalyptus wood 400°C 0.31 kg/m3 Bulk density, = 213.31% Water
holding capacity, 8.8% Ash, 10.5 pH, 26.25
cmol/kg CEC, 72.5% C, 0.13% N

20 t/ha Decreasing soil
acidity

Shetty and
Prakash
(2020)

Soil water
holding
capacity

Mixed hardwood
(Querus and Carya
spp.)

Slow pyrolysis
(traditional kilns)

1.5% C, 0.72% N, 63.8% fixed C, 19.7%
Volatiles, 13.9% Ash, 2.6% Moisture, pH 7.6

20 g/kg + 15% Laird et al.
(2010)

Waste willow wood
(Salix spp.)

550°C 8.3 pH, 47.5% C, 0.38% N, 11.2 cmol/kg CEC 25 t/ha +14.6% Agegnehu
et al. (2016)

Walnut shell and
pine wood chip

900°C 9.9 pH, 1.2% Moisture, 2.7% Ash, 92.4% C,
127 m2/g Surface area

10% w/w +75% Mukome
et al. (2020)

Crop straws 500°C 83.38% C, 1.47% N, 16.62% Moisture, 19.76%
Volatiles, 60.68% Ash, 2.94% Fixed carbon, pH
10.22

16 t/ha +19.1 to +38.8% Liu et al.
(2016)

Soil bulk
density

Wheat straw 350-550°C 0.59% C, 46.7% N, 20.8% Ash, pH 10 40 t/ha
(without N)
40 t/ha (with
N)
20 t/ha (with
N)

-11.88%
-10.10%
-10.22%

Zhang et al.
(2010)

Wheat straw 350–550°C pH 10.4, 467 g/kg C, 5.9 g/kg total N, 20.8%
Ash content

40 t/ha −5.33% Liu et al.
(2014)

Sewage sludge 550°C for 6 h pH 7.22, 28.0% C, 2.60% N 100 g/kg soil −9.82% Khan et al.
(2013)

Hardwood 0.6 Mg/m3 Bulk density, 52% C, 0.65% Total
N, 0.49% Ash, pH 7.61

30 t/ha - 74.7% Adekiya et
al. (2020)

Rice husk 600°C pH 10.27, 19.54 cmol/kg CEC 0.5% -12% Gamage
et al. (2016)

(Continued)
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growth of crops, the direct use of digestate may also cause secondary

pollution generally related to its odor and its content in pathogens

and heavy metals (Hung et al., 2017). Nutrients and heavy metals

contained in the digestate could be easily leached from the soil due

to their relatively high mobility (Hsu and Lo, 2001; Monlau et al.,

2014). The agronomic application of digestates may also

be restricted in some countries, where composts produced from

biowaste or biological sludge are alternatively well commercialized

(Taurino et al., 2016; Hung et al., 2017). In addition, excessive

production of digestate in some intensive farming regions where

biogas plants are more centralized can lead to an oversupply of

digestate, which should be transported to regions with nutrients

deficit if the original producing areas cannot fully manage these

large amounts of digestate (Kuligowski and Luostarinen, 2011;

Lacroix et al., 2014). Therefore, to enhance the role of biogas

plants in solving environmental issues and ensure an effective

energy transition, it is necessary to develop new combination of

technologies to allow at the same time the management of the

secondary pollution associated with biogas digestate and promote

its commercialization (Song et al., 2021).
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Based on the recycling model that couples biogas and biochar

technologies, many investigations have been performed to evaluate

the effect of their combination on SOC, soil pH and nutrients and

crops production. Greenberg et al. (2019) showed that the

simultaneous application of biochar and digestate was effective in

improving SOC. Similarly, Roberto et al. (2018) reported that the

application of digestate combined to biochar allowed an increase in

SOC content by more than 82% of the initial amount and a decrease

in the pH to 6.5 assuring an alkaline environment of the soil. Ge

et al. (2016) and Wang et al. (2018) also showed that the addition of

biochar and biogas slurry significantly reduced soil nutrient loss and

enhanced the content of active organic carbon and the fertility of

soil. In another study, Zhang et al. (2015) reported that the

application of biochar and biogas slurry allowed an average

increase in apple fruit yield by 58.5%, vitamin C content by

47.8%, and soluble sugar content by 17.4%, which was

significantly higher than using biochar and biogas slurry in single

applications. Considering the aforementioned findings, the benefit

effect of applying biochar together with biogas residues on soil

quality can be clearly established. Another approach was also
TABLE 1 Continued

Soil
parameter

Biochar production Biochar
application

rate

Effect Ref.

Feedstock Pyrolysis
temperature

Properties

Organic
carbon

Sewage sludge 550°C pH 7.22, 28.0% C, 2.60% N 5 g/kg + 554.5% Khan et al.
(2013)

10 g/kg +818.2%

Wheat straw 350-550°C pH 10.4, 467 g kg C, 5.9 g/kg total N, 20.8%
Ash

0.20, 0.40 t/ha +30.9% Liu et al.
(2014)

Wheat straw 350-550°C pH 10.4, 467 g/kg C, 5.9 g/kg Total N, 20.8%
Ash

20 t/ha without
N

+ 44% Zhang et al.
(2012)

40 t/ha with N + 42.2%

10 t/ha + 10.13%

Rice straw 350-450°C pH 9.16, 18.9 cmol/kg CEC, 131 g/kg Ash, 620
g/kg Total C, 13.3 g/kg Total N

4.5 t/ha + 50% Zhao et al.
(2014)

9 t/ha + 101%

Municipal biowaste 450–550°C 8.51 pH, 10.8 g/kg Total N, 57.99% Ash 40 t/ha +20.15% Bian et al.
(2013)

Wheat straw and
peanut shell

500°C 10.22 pH, 83.4% C, 1.8% H, 1.5% N, 69.7 m/g
Surface area, 16.6% Moisture, 19.8% Volatiles,
60.7% Ash, 2.9% Fixed carbon

8 t/ha +56% El-Naggar
et al. (2018)

Maize straw and
bamboo residues

500°C 71.4% C, 0.7% N, 19.9% Ash, 9.8 pH 16.5 t ha +87.59% Rombolà
et al. (2019)

Total
nitrogen

Rice straw 550°C 9.16 pH, 18.9 cmol/kg CEC, 131 g/kg Ash, 620
g/kg Total C, 13.3 g/kg Total N

4.5 t/ha +18.1% Zhao et al.
(2014)

9 t/ha + 28.3%

90% beech (Fagus
sp.) and 10% oak
(Quercus sp.) wood

Carbonization at
et 475°C et
activation at 900°
C

888 mg/g C, 7.9 mg/g N, 14.5% Ash, 2.40
cmol/kg CEC, 8 pH, 108 m2 /g Surface area

0, 2 and 7.5 g/
kg soil

+up to 10% Borchard
et al. (2012)

Corn straw 500°C 8.12 pH, 53.81% Ash, 152.21 g/kg Total N 15-30 t/ha 49.6 to 112.2% Li et al.
(2023)
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suggested considering the large surface area and porosity of biochar

that could be used for nutrient recovery from digestate and the

retained nutrients could be slowly available for plant after biochar

application to soil. In this context, Oh et al. (2014) impregnated

biochar with anaerobically digested slurry and successfully

produced a nutrient-enriched biochar, which was subsequently

used as a slow-release fertilizer. This sustainable concept could

assure the supply of all essential nutrients for plant growth while

maintaining soil fertility and preventing nutrient leaching.

The conversion of digestate into a solid stable carbon material

was also suggested as a promising solution to enhance their

properties before its application to soil. The technological

methods used to enhance digestate properties should be low-cost

and capable of dealing with a variety of inputs to achieve significant

market penetration. Thermal processes, such as pyrolysis,

torrefaction and gasification have been largely used as a

complementary to AD for the valorization of anaerobic digestate

(Monlau et al., 2015a; Sheets et al., 2015). Many investigations have

used pyrolysis for the conversion of solid digestate into biofuels

such as bio-oil, gases, and biochar (Troy et al., 2013; Li et al., 2014;

Monlau et al., 2015a). In addition to biofuel application, pyrolytic

biochar could also be utilized as a complement to mineral fertilizers,

or as soil amendment (Monlau et al., 2015a). In isolated agricultural

areas with intensive activities, the implementation of AD plants

combined with thermochemical processes, can guarantee partial

reuse of excess heat (Monlau et al., 2015b). The use of digestate-

based biochar provides several benefits to soil including the increase

in CEC and soil pH, the increase in water holding capacity, the

reduction of GHG emissions and the reduction in nitrogen and

other nutrients leaching into groundwater, which also enhances

crop productivity (Andert and Mumme, 2015; Dicke et al., 2015;

Antoniou et al., 2019). These beneficial effects are mainly related to

biochar properties. Inyang et al. (2010) showed that biochar

produced from bagasse digestate had basic pH, higher surface

area and CEC and more negative surface charge as compared to

biochar derived from raw bagasse. Although the previously reported

benefits, there some investigations reporting some problematic

effects of digestate-derived biochar application. The high content

of digestate in ash and nitrogen results in high ash biochar

(Neumann et al., 2015; Opatokun et al., 2015; Monlau et al.,

2016). Moreover, there is uncertainty with some digestate-derived

biochars, if the mineral matter and plant nutrients are crop available

when added to soils (Monlau et al., 2016). Low temperature

gasification assays of anaerobically digested materials, performed

at pilot scale, also allowed the production of chars with high

nutrient content (Judex et al., 2012; Pecchi and Baratieri, 2019),

but also enriched with high levels of ash (Antoniou et al., 2019).

Some authors also reported the potential existence of toxic elements

such as polycyclic aromatic hydrocarbons (PAH), which make of its

application a challenging issue (Rollinson, 2016). This effect could

be, however, not generalized and the bioavailability of these

elements and their effect on crops growth are so far uncertain.

Within the innovative recycling model, digestate-based biochar

could also be returned to anaerobic reactor; biochar added to

anaerobic systems was shown to enhance biogas production and

improve the reactor performances. Some previous investigations
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demonstrated that biochar produced from digestate is superior to

that directly produced from biomass, in term of physico-chemical

properties (pH, CEC, hydrophobicity) and adsorption behavior

(Song et al., 2021).

One of the barriers limiting the adoption of pyrolysis for the

treatment of digestate on an industrial scale include its high

moisture content. Alternatively, HTC is a potential route in

upgrading digestate properties. The high content of HTC liquid

phase in solubilized organic material initially contained in the

digestate creates an opportunity in solving the black beast of the

HTC process by recycling it back into HTC or treating it with AD

permitting a potential increase in the biogas yield (Parmar and

Ross, 2019). Recently, more focus has been dedicated to the

hydrothermal conversion of solid digestate into hydrochar and its

use for energy production or for agronomic purposes. Reza et al.

(2015) proceeded to the hydrothermal treatment of wheat straw

digestate at temperatures ranging 180–260°C. Authors reported that

220°C-hydrochar contained primarily crystalline cellulose and

lignin, while that produced at 260°C exhibited less crystalline

cellulose and more aliphatic carbon and lignin contents. In

another study, Mumme et al. (2011) showed that hydrothermal

treatment of digested maize silage allowed the production of

hydrochars with distinct physico-chemical properties than

hydrochars from undigested maize silage. The application of HTC

for the treatment of anaerobic digestate has the ability to bring

several benefits at once. The sanitation of digestate from bacterial

pathogens and spores could be occurred during the HTC process.

Moreover, an enhancement of digestate hydrophobicity is also

observed, which makes of the dewatering step less energy

intensive (Wang et al., 2014). Stutzenstein et al. (2018) showed

that a high level of nutrient recovery could be reached when

applying HTC at optimal conditions on anaerobic digestate.

Authors also reported that cellulose initially contained in the

digestate could be completely degraded at high temperatures and

low pHs. Even the several advantages of HTC for the management

of digestate and the upgrading of their properties for its further

agricultural application, the environmental impact of digestate-

derived hydrochar on soil can be in some cases discouraging, due

to their content on some phytotoxic compounds such as PAH and

phenols formed during the HTC process (Stutzenstein et al., 2018).

Bargmann et al. (2013) observed an inhibition of spring barley and

cress germination when hydrochar or process water were applied.

Authors suggested a pre-treatment of hydrochars (washing, storage)

to reduce their inhibitory effect before their addition. So, the key

challenges are related to how overcome inhibition and ensure that

the levels of hydrochar phytotoxicity are not exceeded.

Due to its large surface area and hydrophobic interactions,

several researchers also proposed the use of biochar for the recovery

of nutrients. Compared to other adsorbents such as the widely used

activated carbon, biochar produced at relatively lower pyrolysis

temperature have lower standard enthalpy of formations, while

activated carbon requiring high temperatures (600-1200°C) and a

secondary chemical or physical activation to improve their textural

characteristics, demands significant energy during its production

(Barber et al., 2018). Within the wastewater treatment context,

biochar has been largely suggested as media in water filtration
frontiersin.org

https://doi.org/10.3389/fagro.2023.1214012
https://www.frontiersin.org/journals/agronomy
https://www.frontiersin.org


Enaime et al. 10.3389/fagro.2023.1214012
systems (Enaime et al., 2020a). However, fewer studies have

investigated the subsequent use of the ‘nutrient loaded’ biochar to

enhance soil nutrient content. For instance, biochar has shown high

affinity for phosphorus adsorption, the application of phosphorus-

enriched biochar as a slow-release fertilizer could be therefore a

promising solution to improve soil quality and productivity. An

et al. (2020) proceeded with the adsorption of phosphorus onto

bentonite-modified biochar and its subsequent use as a controlled-

release fertilizer, enabling the establishment of sustainable

phosphorus circulation routes. The innovative approach of

recovering biochar originally designed for a particular use and its

application for another purpose is emerging. Interestingly, the use

of biochar in wastewater filtration systems to produce phosphorus-

enriched biochar that can replace fertilizers. The use of biochar as

both a filter media and subsequently as a nutrient carrying soil

amendment, makes it possible the sustainable and the circular

integration of different food growing, processing and disposal

activities (Barber et al., 2018). So instead of discharging nutrients-

rich wastewater in ecosystems, leading to a state of eutrophication,

these nutrients could be recovered by filtration on biochar and turn

back to soil, which allows the development of more efficient soil

fertility management practices (Tilman et al., 2013). Streubel et al.

(2012) reported a phosphor recovery of about 1.9 g per kg biochar

by filtration of anaerobic digest lagoon on biochar. In another study,

Sarkhot et al. (2013) used biochar as a carrier media for the recovery

of nutrients from dairy manure effluent, achieving a recovery of 5.3

mg/g NH4 and 0.24 g/g PO4, expecting a release of nutrients to

crops after biochar application as soil amendment. Additionally,

Kammann et al. (2015) observed a plant growth improvement and a

slow release of nutrients retained in biochar pores during

composting. Indeed, this approach is an improved sustainable

opportunity for wastewater treatment on the one hand and for

recycling wastewater nutrients on the other hand. The

bioavailability of recovered nutrients on biochar to crops is

however not yet certain; further research studies are needed to

fully understand the mechanisms controlling the uptake of

wastewater nutrients on biochar and its release when the

nutrients-loaded biochar is applied to soil. In a study performed

by Werner et al. (2018), authors reported that the application of

biochar previously used as a filter media for the filtration of raw

wastewater did not show any enrichment of biochar with nutrients

during filtration. Authors suggested that the used wastewater was

not sufficiently loaded to enrich the biochar with nutrients. Instead,

authors observed a loss of nutrients from rice husk biochar during

the filtration process. Nevertheless, the application of untreated

biochar and biochar-filter to soil allowed an increase in crop

production but no significant difference was observed between

both samples. The results also showed that both treated and

untreated biochars can immobilize nitrogen in soil and make it

unavailable for plant. This effect is reduced by the prior use of

biochar in wastewater filtration system, which allow reducing

biochar sorption affinity towards mineral nitrogen compounds

most likely through reducing free sorption sites.

In addition to nutrient recovery, biochar was also used as a

sustainable filter media for the removal of pathogens for a safer

irrigation water production (Kätzl et al., 2018; Kätzl et al., 2020).
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Rice husk biochar was used by Kätzl et al. (2019) in a low-cost

anaerobic biofiltration system for the treatment of wastewater in

Sub-Saharan Africa. A high reduction of fecal indicator bacteria and

bacteriophages aswell as chemical oxygen demand and turbidity (up to

97%) was observed, which led to a significantly lower contamination of

soil and plants irrigated with the prefiltered wastewater.
6 Economic feasibility of biochar
integration in agroecosystem

Moving toward circular models is highly required, due to the

significant resource footprint and GHG emissions of the

agricultural sector. The introduction of CE in agriculture is

especially encouraged for the sustainable development of the

sector from both environmental and economic sides. Indeed,

economic benefits are always related to the prevention of

environmental impacts. For instance, when soil is amended with

fast pyrolyzed biochar for remediation purposes, the resulting

beneficial effects could last longer (Allohverdi et al., 2021).

Economic benefits could be then gained, in addition to

environmental one, related to earning carbon credits by selling

offsets. Scholz et al. (2014) reported that 10–70% of carbon from the

original biomass could be retained in soil for decades. Van Beilen

(2016) also reported that a net carbon storage of 20% could be

achieved when biomass is returned to soil in the form of biochar

(Van Beilen, 2016). The economic and sustainable viability of

biochar production in industrial scale is strongly depending on

the availability of feedstock, its transportation costs and on the

infrastructure (Ahsan et al., 2022). Much of the biomass produced

by photosynthesis that could be converted and commercialized as

biochar is inaccessible from economic, practical or environmental

considerations. These resources could stabilize around 600,000

kilotons of carbon dioxide equivalent (Kt CO2e) in the world

(Van Beilen, 2016). The symbiosis of the pyrolysis facility with

on-farm producing agricultural wastes and its in-site application

will allow eliminating supply chain logistics costs, which could

significantly improve the economic balance of biochar production

and, in addition, provide a readily adaptable alternative for crop

residue burning in the field (Ahsan et al., 2022). Another factor that

considerably affect the energy balance, the economic efficacy of

biochar production and its environmental impact is the

thermochemical conversion method used. Pyrolysis has been

defined as a cost-effective, energy-efficient and ecofriendly

thermochemical process (Ning et al., 2013). The pyrolysis

temperature influences the cost of biochar production as the

latter is reduced at lower pyrolysis temperatures. Shabangu et al.

(2014) showed that about 70% and 30% of the production revenue

of a biochar-methanol system at 300°C pyrolysis temperature

comes from selling biochar and methanol, respectively, from 30%

and 70% at 450°C pyrolysis temperature and from 10% and 90% at

800°C.

The energy balance of HTC was also investigated. It was

estimated that one-third of the combustion energy stored in

carbohydrates is released during the hydrothermal treatment, an

exothermic process, following the dehydration reaction. The
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recovery of this energy and its reuse could significantly reduce the

input energy of the HTC process (Singh et al., 2022). Zhao et al.

(2014) found that HTC of solid sludge could be an energy-self-

sustainable system when performed at a temperature of 200°C

during a residence time of 30 min. Authors reported that about

52.4% of heat from hydrochar combustion is sufficient to operate

the HTC process including drying process and dewatering and the

remaining 47.6% can be recovered as heat and/or electricity, etc.

The techno-economical assessment of the HTC process was also

performed by Lucian and Fiori (2017) from 20,000 tons/year

capacity plant of grape marc, considering both investment and

production costs. The cost of pelletized hydrochar production was

estimated to be 157 €/ton and the hydrochar break-even value for a

plant repayment period of 10 years was equal to 200 €/ton, which is

competitive with the price of wood pellets (150–200 €/ton). In

general, biochar production is economically beneficial when waste

biomass is used as feedstock (Marshall et al., 2019). Beyond the

costs related to biochar production, the application rate is also

significantly affecting the profitability of biochar application in

agriculture. The most promising results obtained under field

conditions in term of crop yield improvements, were achieved at

high biochar application rates (> 2.5 tons/ha) (Joseph et al., 2013).

Regarding the profitability of biochar application in agriculture,

Keske et al. (2020) showed that the agricultural application of

biochar could be profitable until a 99% of probability. When

applying 10,000 kg/ha of biochar derived from black spruce to

grow beets, authors observed an increase in beet yields from 2900

kg/ha to 11,004 kg/ha, consequently, a net return of up to $4953/ha

was achieved. Authors also reported that the recovery of costs could

not be possible for all crops. As biochar is proved for its long-term

stability, no continuous biochar application is needed. In this

regard, if in-site agricultural areas cannot completely process

large quantities of biochar, the excess biochar could be in-situ

used for energy production or exported to regions with nutrients

deficit, therefore, farmer’s income is raised. Here it is, however,

necessary to consider transport costs and carefully analyze the

competitiveness of the final product in relation to its final price.

The combination of energy production and biochar application

in agriculture could also be used to establish the CE model. The

implementation of a hydride system regrouping AD and

thermochemical processes could have many benefits either for

energetic or agronomic considerations. However, the overall costs

of this hybrid system are still in question, especially that no clear

strategy has been adopted so far to go further in its implementation

on an industrial scale. The evaluation of the profitability of such a

process is based on many variables including the readily supply of

the digestate, the char selling price, the selling price of electricity, the

transport costs, etc. However, according to González et al. (2020)

the combination of digestion and pyrolysis still not profitable

enough, even its benefits of improving the efficiency of electricity

generation and ensuring sustainable waste management.

Even the fact that biochar application in soil could provide long-

term economic benefits, biochar still seems costly for agricultural actors

whose waste management is intrinsically outside the scope of their

focus (Ahsan et al., 2022). More efforts are still needed to assess

economic and environmental benefits of biochar implementation
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within the context of the CE, but especially to increase the awareness

of third-party testing and the government and to go into on developing

a strong collaboration to concretely develop and sustain the biochar

market (Singh et al., 2022). Moreover, it is neither financially nor

energetically feasible to widespread the use of biochar without

guidelines or regulations for its production and rational application

(Hu et al., 2021). These regulationswill help reducing the health and the

environmental risks related to biochar production and agronomic use

and allow meeting market standards. The agricultural application of

biochar is currently in a legally grey area in many countries, while in

other countries more information are still needed to clearly make

biochar producing industries in their legal framework and establish

clear criteria for the safe use of biochar by policymakers (Wiedner et al.,

2013). Currently, IBI and EBC are the most widely used international

regulations. As the interest in using biochar is continually growing,

many countries developed their own biochar standards aligned with

those of IBI and EBC, while other countries are regulating biochar

applicationwith fertilizer or compost standards (Table 2). A version 2.1

of the Standardized Product definition and Product Testing Guidelines

for Biochar application in soil was published by the IBI in 2015 (IBI,

2015), which was then recognized as an international standard (Hu

et al., 2021). However, as biochar has great potential to be used in

different industries, the existing standards are apparently insufficient to

make relevant recommendations for biochar use in various

applications. Moreover, biochars and hydrochars are defined as

different materials, due to the different parameters and

thermochemical reactions involved in their production (Cao et al.,

2011; Wiedner et al., 2012). A specific standard for hydrochar is also

necessary for the sustainable development of char industry’s.
7 Conclusion

The conversion of organic wastes to biochar and its application in

agriculture gives a treatment alternative for wastes and contributes to

improve the sustainability of agricultural sector and the establishment

of the CEmodel. Biochar manufacturing system can be linked to other

systems like water treatment system, by using the output of one process

as an input for another. Although the practical applicability of biochar

is facilitated by its simple production method and the low cost and

availability of feedstock, its real application in agriculture could face

some limitations. Biochar is not a standardized material; due to the

large variety of feedstock and the different parameters used during the

thermochemical conversion processes, biochar properties as well as its

effect may differ from one composition to another. It is then necessary

to investigate the connection between biochar properties and the

purpose of its applications and the best combination of type of

biochar and its application rate. It is also important to consider the

big difference between biochar and hydrochar and that these materials

may probably have a complementary reaction during their

applications. Hence, specific standards and recommendation for

hydrochar application are still needed. The modification of biochar

to design their properties for specific agricultural applications is also

still need to be further investigated to improve their performances. The

comprehension of biochar production process and biochar

modification to design their properties for specific agricultural
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applications is also still needed to be further investigated to improve

biochar performances and build up a trustworthy circular economic

model. Moreover, biochar’s impact on agriculture has yet to be fully

understood as themajority of biochar research studies performed so far

are being executed in laboratory scale. The real world is more complex,

and the actual environmental impact of biochar should be further

investigated based on field and site-specific research on a large-scale.

Beyond the aspects related to biochar production and application, the

identification of indicators that could be used to measure its effect is of

great importance. The transition from linear to CE in large scale is still

challenging and still require the establishment of new knowledge that

should be adopted by different actors to make this transition

more flexible.
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TABLE 2 Standards for biochar use in agriculture.

Parameter Units

Voluntary product standards National legislation

IBI-BSa
EBCb BQMc

Germany Italy Austria
Basic Premium Standard Grade High Grade

pH–Value – – – – – – – 4–12 –

Total ash content % – – – – – – ≤ 60% –

Electrical conductivity mS/m – – – – – – ≤1000 –

Organic Carbon content % ≥10 ≥50 – >80 ≥20 –

H/C ratio – ≤0.7 <0.7 <0.7 – ≤0.7 –

O/C ratio – <0.4 – – – –

Moisture content % – ≥30 ≥20 – ≥20

PAH mg/kg dm ≤300 <12 <4 – <20 – <6 <6

Heavy Metals mg/kg dm – – –

Cadmium mg/kg dm ≤39 <1.5 <1 ≤39 ≤3 ≤1,5 ≤1.5 ≤3

Lead mg/kg dm ≤300 <150 <120 ≤500 ≤60 ≤150 ≤140 ≤100

Arsenic mg/kg dm ≤100 <13 <13 ≤100 ≤10 ≤40 – ≤40

Chromium mg/kg dm ≤1200 <80 <80 ≤100 ≤15 – – –

Nickel mg/kg dm ≤420 <50 <30 ≤600 ≤10 – – –

Zinc mg/kg dm ≤7400 <400 <400 ≤2800 ≤150 – ≤500 –

Copper mg/kg dm ≤6000 <100 <100 ≤1500 ≤40 – ≤230 –

Selenium mg/kg dm ≤200 ≤100 ≤5 – – –

Mercury mg/kg dm ≤17 <1 <1 ≤17 ≤1 ≤1 ≤1.5 ≤1

Cobalt mg/kg dm ≤100 – – – – – – –
fron
aIBI standard refers to the International Biochar Initiative standard (IBI Standard, 2015).
bEBC refers to the Europe Biochar Certificate. Basic grade follows Germany’s Federal Soil Protection Act and Premium grade follows Switzerland’s Chemical Risk Reduction Act (EBC, 2012).
cBQM refers to Biochar Quality Mandate (Shackley et al., 2014).
dm, dry matter.
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