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ARTICLE INFO ABSTRACT

Keywords: Biochar and biosurfactants are emerging bio-based materials for remediating contaminated soils. While their
Biomass pollutant removal mechanisms are well studied, broader environmental, economic, and social implications
Bioremediation remain underexplored. Existing studies often rely on a 1 kg functional unit, limiting direct comparisons. This
:?jil;:blhty critical review evaluates and quantifies the multidimensional sustainability trade-offs of using biochar and
Biosurfactant biosurfactants to remediate one hectare of contaminated land, based on real-world applications. Use of common

functional unit (1 hectare of land treatment) enables direct, meaningful comparison.

Material flow analysis reveals biochar’s superior energy efficiency (net output for the grid ~290 GJ/ha) and
economic returns, despite higher production emissions (100 kg CH4, 55 kg N2O, 38 kg PM;, and 1.7 kg PAHs/
ha). In contrast, biosurfactants emit negligible direct pollutants but demand significantly more energy (2340 GJ/
ha). Both materials offer social benefits, such as enhanced rural livelihoods and health, yet face challenges like
land use conflicts and patent barriers. Policy measures are proposed to mitigate these issues. Finally, the syn-
ergistic use of biochar and biosurfactants is highlighted as a promising avenue for future research in sustainable
soil remediation.

1. Introduction

Soil remediation has recently gained significant attention due to the
shrinking availability of arable land and increasing urbanization.
Ensuring future food security therefore relies, in part, on restoring
contaminated soils. Petroleum hydrocarbon-polluted sites are particu-
larly challenging to remediate. Traditional remediation methods
(incineration, thermal desorption, in-situ chemical oxidation, vitrifica-
tion etc.) often involve higher energy consumption or synthetic chem-
icals, which may leave toxic residues. Consequently, there is growing
interest in bio-based materials for soil treatment, such as biochar and
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biosurfactants.

Biochar is a special organic material that is made by pyrolyzing
biomass in the absence of oxygen. During the pyrolyzing process, its
moisture content and some of the organic matter escape as syngas,
particularly containing methane, oxides of nitrogen, water vapor, etc. It
is identified in the literature that the composition of biochar determines
its physical and chemical characteristics [1]. Further, the composition
mainly depends on the feed materials. In lignocellulosic feedstock ma-
terials, the composition can be successfully predicted with linear models
showing a strong coefficient of correlation (adj R* = 0.98) [2]. More-
over, the carbon concentration determines reactivity of biochar,
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depending on the persistent free radical intensity (PFR) (correlation of
0.80) [2]. Based on these chemical and physical characteristics, biochar
has a wide variety of sustainable applications in different industries. For
instant, environmental, energy, agriculture, medicine, cosmetics, food,
catalyst, and construction sectors (Fig. 1) [3]. In addition, biochar shows
better stability in natural environments, especially in soils, aiding car-
bon sequestration for centuries.

In contrast, biosurfactants are bio-organic materials produced
through the fermentation of biomass (or agro-industrial waste). Like all
surfactants, biosurfactants are amphipathic materials, containing both
hydrophilic and hydrophobic parts, which makes them versatile in dis-
solving in polar or non-polar liquids. For the same reasons, bio-
surfactants can form preferential partitions at non-dissolving liquid-
liquid interfaces (such as water and oil) with varying degrees of polarity
and hydrogen bonding [4]. Moreover, the chemical structure of bio-
surfactants facilitates the formation of micelles, bilayers, or vesicles at
the interface when mixed. Depending on the energy charge in the hy-
drophilic part of the biosurfactant, they can be categorized as non-ionic,
cationic, anionic, or amphoteric [4]. Unlike biochar, the applicability of
biosurfactants varies—from detergent production to emulsification,
foaming, and dispersing functions. However, due to their biodegradable
nature and other properties, biosurfactants are also widely utilized in
various applications. Some of the applications include environmental,
energy, agriculture, medicine, cosmetics, food, textile, nanotechnology,
and cleaning sectors (Fig. 2) [5,6].

Contaminated site remediation, especially the remediation of
contaminated soil, is one common application for both biochar and
biosurfactants coming under environmental applications. In the case of
biochar, remediation of soils can occur through adsorption, chemical
precipitation, or cation exchange [2]. Key factors aiding these mecha-
nisms include high surface area (10-500 m?/g), high cation exchange
capacity (10-50 cmol/kg), and neutral to slightly alkaline pH (6-10) [2,
7,8]. Other than the feed materials, the pyrolyzing temperature, vapor
residence time and other chemical and physical alterations can also have
a significant effect on the properties mentioned above [3,7]. Bio-
surfactants, on the other hand, can be used to remediate contaminated
soil by reducing surface tension, allowing pollutants to dissolve more
readily in the liquid fraction [9]. Moreover, biosurfactants can increase
the microbial population in soils, aiding the biological degradation of
pollutants like hydrocarbons. Additionally, microbial activity can
reduce the mobility of metal ions in soil [10,11]. It has been observed
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that biosurfactants can reduce the surface tension of pollutants from 72
mN/m to 30 mN/m in some cases [10]. Some studies report a synergistic
approach, where biosurfactants and biochar are used together for site
remediation, utilizing the adsorption capacity of biochar and the solu-
bilization effect of biosurfactants. Remediated soil shows an increase in
total polycyclic hydrocarbon degradation by 28-30 % when 5 % biochar
and 1000 ppm biosurfactants are used together [10]. However, it has
also been identified that the high adsorption capacity of biochar can
reduce the bioavailability of both pollutants and surfactants, thereby
reducing overall performance [10]. Hence, synergistic approaches
require further research in this area.

Though the soil remediation applications of both biochar and bio-
surfactants are well-documented in the literature, their environmental,
economic, and social effects are often studied separately. This reduce the
comparability of the two approaches. As a result, it is difficult to
determine which method is more beneficial for a particular soil reme-
diation case under different aspects (environmental, economic, and so-
cial). To address this gap, this review presents a performance evaluation
of the environmental, economic, and social benefits and impacts of
biochar- and biosurfactant-based soil remediation. To achieve this
objective, this study will critically examine the existing literature on
contaminated soil remediation using biochar and biosurfactants. Based
on the critical review, the manuscript will then present an energy and
emission flow analysis focusing on the treatment of 1 hectare of
contaminated land using the two materials. The economic impact will be
calculated based on the material requirements for treating 1 hectare of
land. Finally, social impacts and benefits will also be evaluated based on
data from the literature. The novelty can be seen in the comparison
between the two materials based on the application (treatment of 1
hectare of contaminated land) and evaluation of total sustainability
focusing on environmental, economic and social impacts. This manu-
script aims to help understand how the two different soil remediation
methods perform across the environmental, economic, and social
dimensions.

2. Environmental implications of different stages of biochar and
biosurfactants' life cycle

Production of biochar or conversion of waste biomass into biochar
demonstrates several advantages. Mainly, the production mitigates the
carbon dioxide emissions from biomass by keeping carbon in a much
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Fig. 1. Current commercial applications of industry produced biochar. Based on: [3].
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Fig. 2. Current commercial applications of industry produced biosurfactants. Based on: [5,6].

stable form. This procedure can sequester carbon over centuries, and
there is a potential that it can be several millennia as well due to the
longer half-life (~5730 years) of carbon [12,13]. When applied in soil,
biochar will continue to benefit the soil structure by improving soil
fertility, pH levels, microbial activity and water retention [14-16].
Similarly, Bio-surfactant production from biomass also shares number of
advantages and is often used as a product to treat petroleum hydrocar-
bon contaminated soils [17]. Despite the repeatedly mentioned advan-
tages of both biochar and biosurfactants, their environmental impacts
need to be carefully analyzed. These impacts occur at various stages of
their life cycle, including production, transportation, application, and
post-use. Each stage involves the use of energy, materials, and water,
which can contribute to environmental burdens. Additionally, different
types of outputs or emissions may result during application and after
their use. A detailed assessment of these factors is essential to fully un-
derstand the overall sustainability of using biochar and biosurfactants
(Fig. 3). The following subchapters (2.1 to 2.4) will be dedicated to the
comparison and evaluation of the different life cycle phases of biochar
and biosurfactant.
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Fig. 3. Primary processes involved in biochar and biosurfactant production to
application (transportation aspects are involved in the industry setup).

2.1. Production phase

In the biochar production phase, pretreatment of the selected
biomass is usually carried out to sort, dry and grind the materials. This
process is useful for the uniform decomposition of the biomaterials, thus
should be done using electrical shredders. The power consumption of
industrial shredders can vary from 103 kW to 420 kW, depending on the
capacity [18]. However, energy consumption for pretreatment depends
on many other factors such as dimensions required (finer the best to
increase the surface area), time of shredding, type of biomass and
quantity of production. When focusing on the activities taking place,
biosurfactant production requires extensive pretreatment only when
agro-industrial waste is used for the biosurfactant production. More-
over, most other waste types (dairy waste, municipal solid waste, glyc-
erol waste, industrial waste) (even agro-industrial waste in some cases)
used in the biosurfactant production is already in a shredded or semi/-
liquid phase [19]. In this case, it is safe to assume that energy re-
quirements in the pretreatment stage are relatively lower in the
biosurfactant production. Similarly, the economic impact of the pre-
treatment stage of the biomass (to produce biochar) must be higher than
the biosurfactant production. This is due to the increase energy con-
sumption, requirements of mechanical instruments with high-capacity
installation or fossil fuel as the energy source. However, the feed ma-
terial requirement for biochar production is seemingly lower than that of
biosurfactants. For instance, Harsono et al. [20] mentioned in one of the
case studies examined, it required 4800 tons of feed material (palm oil
empty fruit bunches) per year to produce 960 tons of biochar [20].
Another study reveals that, when bagasse and paddy straw were used as
the feed material, the expected biochar yield is 24-28 %, while for
cocopeat it is around 46 % [21]. Mukherjee et al. [22] shows that bio-
char yield changes with the pyrolyzing temperature. Accordingly, au-
thors mentioned a range of biochar yield (to produce 1 kg of biochar;
1.92-3.57 kg feed materials) that matches with the range of tempera-
tures (300-600 °C). Here, the highest requirement of biomass is at the
highest temperature and the lowest requirement at the lowest temper-
ature [22]. Accordingly, it is possible to approximate that the feed
material requirement for the biochar production is 2-5 kg per 1 kg of
biochar yield.

In the case of biosurfactant, it is challenging to determine the feed
material requirement in kilograms as the references give the yield per
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liter of feed materials. As an example, Karmainski et al. [23] explains,
the yield of biosurfactants gathered from various manuscripts. Accord-
ingly, the given yield for the corresponding biosurfactant (glycolipid
titer) is 6.7 g/L, where feed material contains 1050 g/L of acetate con-
centration. Correspondently, the yield is reported to be 0.13 g bio-
surfactant/ g of acetate. Hence, to produce 1 kg of biosurfactants, 8 kg of
acetate is needed [23]. Additionally, Qamar & Pacifico [24] explained
rhamnolipids production from sugarcane bagasse has up to 9.1 g/L
yield. In contrast, for sophorolipids from food waste has up to 115.2 g/L,
and other biosurfactants have 2-5.5 g/L yield when feedstock such as
banana stalks or orange peels were used [24]. Assuming that, substrate
concentration to be around 20-250 g/L (based on the reported litera-
ture), the feed material requirement can be calculated to be from 2.2-10
kg per 1 kg of biosurfactant production. Further literature analyzed
given in Table 1.

After pretreatment, the biomass will be dried in an oven to reduce the
moisture level. This can be done even using sunlight, which lowers the
energy intensity of the process. Though alternative sources used, these
energy requirements are negligible when it comes to the pyrolyzing of
biomass. Researchers showed that the pyrolyzing temperature can vary
from 350 °C to 800 °C depending on the pyrolyzing method [3,14].
Accordingly, microwave-based pyrolyzing reactors require a lower
temperature (350 °C). Nevertheless, it is identified that using
microwave-based pyrolyzing limits the amount (around 1 ton/h) of the
feed biomass due to the microwave penetration limitations [14]. Many
scholars argue that, increase in pyrolyzing temperature enhances the
quality of the biochar produced. As a matter of fact, many producers
have used higher temperatures (600-700 °C) [51]. Moreover, biochar
produced from high temperatures can be useful in acidic soils to improve
their structure, fertility and sequestering carbon [52]. However, draw-
backs can also be seen in using higher temperatures for biochar pro-
duction. Firstly, the low yield of biochar; at 300 °C, the yield is identified
to be 50-60 %, but at 500 °C it decreases to 31-46 % [48]. Secondly,
higher temperatures negatively corelate to the hydroxyl and aromatic
functional groups availability in biochar reducing their adsorption ca-
pacities. It is studied that; the FTIR bandwidth strength corresponds to
hydroxyl and aromatic groups (3200-3400 cm™! and 1580-1600 or
3050-3000 cm ™! respectively) significantly reduces as the temperature
reaches beyond 600 °C. Moreover, bandwidth strengths increase when
the temperature is lower than 500 °C [53]. Thirdly, higher energy use
occurs when higher temperatures are accompanied. Upon the heating
rates and pyrolyzing time, the energy requirement for the production
stage of Biochar is very high. Considering the facts, Gahane et al. [25]
assessed the total energy consumption for biomass-based biochar pro-
duction can vary between 1.44 MJ to 2.16 MJ per 1 kg of Biochar
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production [25]. Similarly, Munoz et al. [26] assessed the total energy
usage to produce and apply 1 kg of biochar in the soil is to be around 1.9
MJ to 4.4 MJ [26]. Hence, Values estimated by Gahane et al. is appro-
priately denoted to the production stage. Considering the energy den-
sities of commonly used energy sources for biochar production, this can
be calculated to be 0.047 L of diesel or 0.5 kWh of electricity require-
ment (M. Rashid [49,54]). However, recirculation of syngas can reduce
the energy requirement of the process significantly. More practically,
energy generation through syngas circulation can be introduced into the
grid as compensation of the energy used to produce biochar. In some
cases, it is reported that energy production can be up to 6.7 MJ per 1 kg
of biochar production through syngas [26]. Hence, the overall produc-
tion of biochar is energy positive.

Higher emissions produced by the manufacturing process are
another environmental concern. Undoubtedly, biochar can sequester
carbon for a long time. Quantitatively, this carbon sequestering can be
up to 2.68 kg CO, equivalent per 1 kg of biochar production [31]. This
can be 43-69 % of the total carbon availability from the starting raw
materials [49]. Accordingly, the rest of the carbon and other products
can be released along with syngas and through leaching (after adding to
the soil), yielding hazardous effects to the environment. It is often
mentioned that these contaminants highly depend on the feedstock and
the conditions which are used for the pyrolysis [51]. Though emissions
of CO; (in the use phase) are not considered contributing to the climate
change effects as the origin is biogenic, emissions of other gases (i.e.
CHy) should be taken into consideration. Further, the potential green-
house effect of those is higher than CO,. A study carried out by
Mohammadi et al. [37] demonstrates that emissions of CH4 from 1 kg of
biochar production can range between 107 kg to 2 x 10~ kg, depending
on the biochar production system and pyrolysis temperature. Addi-
tionally, production can result in N3O and PM;g particle emissions of
1073 kg and 7 x 10~* kg per kg of biochar [37]. Similar values were
reported by other authors as well [49]. Other than these, there are risks
of polycyclic aromatic hydrocarbons (PAH) and dioxin emissions during
the biochar production if parameters were not controlled appropriately.
In some cases, it is reported that these emissions can be around 0.1-34
mg/kg of biochar, especially at low temperature pyrolyzed biochar [48].

Compared to biochar production, bio-surfactant production has a
higher energy intensity, being bioreactor operation to be the most
energy-intensive stage. Bippus et al. [55] reports that the bioreactor
operation is responsible for 58 % of the total climate change impacts
coming from the production stage [55]. Specifically, an aeration system
which supplies oxygen to the bacterial systems, mechanical stirring to
keep the particles in suspension and homogeneous, and temperature
regulations for the cooling system and disinfection processes require

Table 1
Comparison of various production parameters in biochar and biosurfactant manufacturing with corresponding references.
Parameter Unit Biochar Biosurfactant
Value ranges References Value ranges Notes & References

Energy Consumption MJ/kg 1.44 - 4.4 [25,26] 1173- 11,340 [27,28]

Energy Production MJ/kg 1.00 - 6.70 [26] Not Applicable  Inherent process characteristic
[29]

Carbon Sequestering Gt CO, eq/year 0.2-6.6 [30,31] Not Applicable  No sequestration during production
[32]

Crop Residue Pg C/year 0.36 - 0.72 [33] Not Applicable ~ Feedstock-dependent, not sequestration

Sequestration [34,35]
CH,4 Emissions kg/kg 0.002 - 0.00001 [36,37] Not Applicable  Negligible amount released due to fermentation
byproduct

[38]

N,O Emissions Reduction tons/ha 20-50 [39-42] Not Applicable Use-phase benefit only [43]

N>O Emissions kg/kg 0.001 [37] 0.0005 - 0.002  Aerobic process emission [44]

PM; o Emissions g/kg 0.7 [37,45,46] 0.09 [27]

PAH Emissions kg 0.10 - 0.034 [47,48] Not Detected [28]

CO, Abatement kg CO; eq. 1.47 +£0.70 [311 Not Applicable  —

Diesel Usage L diesel/kg biochar 0.047 [49] Not Applicable -

GHG Emission Reduction kg CO5 eq./MT dry matter 2700 (Gudmundur [50])  Not Applicable = —
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higher energy. Any significant change or disturbance in one of these
factors can end up being the microorganisms to be killed and stop the
production line. Moreover, authors often mentioned that the substrate
used for the fermentation can also contribute to making the process
energy-intensive due to the pretreatment stages involved [56]. Sec-
ondly, purification of produced biosurfactants can also require energy in
centrifuging stages and distillation processes depending on the process
used. Further, the distillation process can further increase the energy
intensities than the mechanical or chemical (solvent extraction-like)
separation methods. This is due to the continuous temperature regula-
tion process required. Another important factor to be considered is the
reaction time for bio-surfactant production. Frequent arguments show
that the reaction time varies from 113 to 437 h depending on the quality
of the bio-surfactant required. Here, longer hours of reaction often result
in high-quality biosurfactant yield (especially manosylerythritol Lipids
(MEL) types) [57]. It is imperative to think that by reducing the reaction
time, the total energy demand can be reduced. Hence, better optimiza-
tion of reaction parameters is often required for an effective system.
Improving the quality of the substrate used (with lower impurity levels),
it can lower the energy demand for the purification steps significantly
(from 21 % to 12 %) [58]. Nevertheless, bio-surfactants are made from a
biological system, so as the production is highly sensitive to external
conditions, hence they should be treated carefully [57]. Schonhoff et al.
[56] argued that Rhamnolipids (RL) based bio-surfactant production is
environmentally impacting than MEL type bio-surfactant production.
The main reason for this finding is that RL produces microorganisms
(Pseudomonas aeruginosa) that are opportunistic pathogenic and oblig-
atory aerobics. Hence, higher safety concerns and energy requirements
are necessary for the maintenance of the biosystem. Also, RL production
for specific volume of feedstock is lower than that of MEL. However, the
results show that the substrate is not the major reason for the huge
difference [56]. Quantitatively, RL production requires 9563-11,340
MJ/kg of biosurfactant production while MEL production requires only
1173-1429 MJ/kg of energy [28,58,59].

Gaseous emissions derived directly from bio-surfactant production
are mainly CO3. Since the substrates are biobased, the process emissions
can be carbon neutral. Other volatile emissions are not reported [59].
However, pathogenic emissions that can be harmful to the ecosystem
and human health can escape from the system if not properly managed.
Moreover, cytotoxicity is often reported with RL-type biosurfactants
(Pseudomonas and Marinobacter strains). Specially, when the concen-
tration exceeds 0.5 mg/ml (often at <0.25 mg/ml), causing significant
cell death for skin and liver cells of the human body. In contrast, in-
dustrial surfactants have significantly lower levels of cytotoxicity
(<0.002 mg/ml) [60,61]. Additionally, some biosurfactants can in-
crease the ultraviolet-B radiation (UVB) sensitivity of the skin by
enhancing the chances of UVB-induced damage to the skin, although
biosurfactants often produce a protective layer against oxidative DNA
damage in the skin [61]. Nevertheless, these ecological hazards can be
properly managed by concentration optimization to reduce cytotoxicity.
Further, using safer bacterial or fungal strains (i.e. Marniobacter) or
utilizing biosurfactant-producing microorganisms with phytor-
emediation techniques can reduce these risks [62]. Importantly,
bio-surfactants are often advantageous than industrial surfactants.
Mainly, due to the fact that industrial surfactants make
non-biodegradable residuals and cancer-making intermediate products
throughout the advanced oxidation stages [63,64]. Table 1 shows the
list of literature aided for the emissions and energy requirements for
biochar and biosurfactant along with the corresponding values.

2.2. Transportation phase

Unlike the production stage, the transport of biochar has always
resulted in an environmental impact. This is due to the emissions related
to fossil fuel usage, which cannot be compensated for. It can be under-
stood that higher mass or higher distances in transport can increase the
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overall impact of the transportation stage. Moreover, the mode of
transportation can also be a significant factor to consider, although road-
based transportation is predominant [31,65,66]. Hence, it is reasonable
to assume that the environmental impacts of locally produced biochar
are less than those of transported biochar in a life cycle perspective.
Moreover, efficient transportation techniques such as bulk density
reduction can often result in improved transportation efficiency. For
instance, literature shows that biochar density higher than 700 kg/m>
can reduce the overall COy emissions by 1-5 % [67,68]. As per the
literature, transporting biochar and other products for 3 to 25 km can
result in 1.6 to 8.6 kg CO2/ton of feedstock emissions respectively [37,
69,70]. However, changes in distances and material content make it
difficult to have a clear idea of emissions related to the transportation of
biochar only [37]. Desjardins et al. [71] studied the carbon footprint of
total transportation of biochar for 522 km (collection of feedstock ma-
terials: 100 km and biochar transportation to destination: 422 km), has
given an average emission of 6.55 kg CO, eq/kg of biochar [71-73].
Additionally, Massana et al. have revealed that 3 % (4.5 kg CO2 eq. for
10 km) of CO2 emissions from the entire lifecycle of biochar are due to
the transportation [74]. This can be equivalent to 1.55 x 1072 kg CO,
eq./kg of biochar to be transported for a 1 km distance.

Additional environmental burdens from biochar transportation are
also reported. It is estimated that biochar transportation is responsible
for 21 % under human toxicity impact category, 20 % under freshwater
eutrophication and 6 % under fossil fuel depletion compared to overall
impacts given by the biochar production, transportation and application
[26]. These impacts can arise mainly from fossil fuel usage. However,
other sources are also identified. As examples, particle emission through
wind erosion during transportation and heavy metal leaching due to
temporary storage facilities can be given [48]. These emissions can be
spread through micro or nano-level particles, contaminating soil or
water sources or even humans and animals directly. This can occur
largely when bulk biochar transportation. Hence, additional prevention
measures are needed to limit and prevent carbon dust dispersion and
contamination. It is estimated that during transportation and applica-
tion, approximately 1-3 % of biochar is lost to the environment ([75]; Y
[76]). Another prevention mechanism is to decentralize the biochar
production minimizing long-term transportation, which can signifi-
cantly reduce the impacts arising from the biochar transportation [77].

Biosurfactant transportation has a lower impact on the environment
compared to its fossil fuel-based counterpart. This is mainly due to the
elimination of transportation of fossil fuels, which always involves long
distances. Another fact is that bio-surfactant production is largely
decentralized and established where an abundance of organic waste (i.e.
molasses or distillery products) can be found [78-80]. Accordingly,
minimum transportation is required specially when raw material
requirement considered. However, application sites can be away from
the production facilities, which can elevate the impact related to
transportation [17,81,82]. It is estimated that biosurfactants made from
food waste can drop the environmental impacts by 10-25 % compared
to the petrochemical-based ones. Further, 8 % reduction from this due to
the transportation cuts [79].

Transporting liquid bio-surfactants poses a higher environmental
risk than transporting powder products due to the possibility of spillage.
However, biosurfactants are 100 % biodegradable, hence the threat to
the environment is minimal. Nevertheless, threats to human safety or
the safety of the organisms are still increased due to the possible avail-
ability of pathogenic microorganisms [83,84]. Moreover, if the
powdered form is preferred, further transportation-related efficiency
can be achieved by increasing the bulk density. Quantified environ-
mental impact for biosurfactant transportation is not to be found in the
literature. In addition, the impacts can be varied largely by the region,
transportation medium and scale. Assuming truck-road-based trans-
portation and the feedstock of food waste, emissions for 1 km trans-
portation of biosurfactant can be estimated to be 107! to 3 x 10™* kg CO
eq./kg of biosurfactant [79,83,84]. This was estimated through the
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contribution of the transportation sector in biosurfactant production and
total emissions related to biosurfactant production reported in various
literature. The estimated values are lower compared to the
biochar-related transportation. This must be expected due to the short
distances involved in the raw material acquisition and the lower yield of
biosurfactant compared to the biochar [79,86]. These transport related
data for both biochar and biosurfactant are summarized and compared
in Table 2.

2.3. Use and post-use phase

Many authors cite the advantages of using biochar in soil condi-
tioning due to various reasons. Mainly, it is reported that biochar can
increase the fertility of the soil by enhancing its structure, adding more
organic matter and reducing the mobility of many contaminants (heavy
metals and organic contaminants) [51,66,92]. Further, authors
demonstrated that it could reduce soil erosion and enhance soil biodi-
versity and microbial growth [65,66,93]. Another vital point reported is
the emission reductions due to the biochar application. Accordingly,
biochar can reduce 54-70 % of nitrous oxide and approximately 80 % of
methane emissions due to the lowering of other soil fertilizer use [31,
52]. This has been quantified to be around 0.05 —0.07 kg of
nitrogen-based fertilizer abatement per 1 kg of biochar application [37].
Specifically, this abatement is responsible for 0.05 kg of methane, 6 x
107 kg of di-nitrogen oxide and 2 x 107 kg of ammonia equivalent per
kg of biochar application [49]. Ultimately, this can be equal to 1.36 kg
CO4 equivalent per kg of biochar (Chris [94]). Munoz et al. [26] also
reported that application of 1 kg of biochar in soil can reduce the CO,
emission by 2.6 kg on average, which is higher than the value reported
by the previous manuscripts [26]. However, it is safe to report that, on
average the CO, emission saving can be 1.3 to 2.6 kg CO5 equivalent per
1 kg of biochar under optimistic assumptions.

Negative environmental implications were also reported from
biochar-soil application. Primarily, researchers reported alterations of
soil pH due to the biochar applications. High pH levels effects micro-
nutrients (zinc, manganese and iron) of the soil, reducing their avail-
ability to plants [48]. The same authors also reported that higher
alkalinity of the soil reduces soil fertility by 50 %. Though the soil pH
alterations may depend on the soil conditions (e.g. buffer capacity)
where the biochar is applied, major changes can occur when higher
pyrolyzing temperatures (>500 °C) were used. This is mainly due to the
availability of carbonates, hydroxides or oxides of magnesium, potas-
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polyaromatic hydrocarbons (PAH) and environmentally persistent free
radicals (EPFRs) due to the biochar addition. It is identified that biochar
applied soils can have 200- 1000 pg of PAHs in 1 kg of soil, which is
significantly high enough to affect the plant germination and microbial
community (J [48,99]). Additionally, EPFRs species, such as reactive
oxygen species, can reduce plant growth by damaging cell structure.
Moreover, it is also reported that EPFRs species can enhance the mi-
crobial mortality rate by 50 %. Other than this, volatile organic carbon
(VOC) can also be detected among the gaseous emissions in the long
term in the biochar added soils. However, in monitored or certified
biochar VOC can range from 0.9-1.2 mg/kg of biochar. In
non-controlled systems this can be higher (1.4-3.8 mg/kg) [75]. These
use and post-use related data for biochar are summarized in Table 3.

Examining the biosurfactants usage in soil remediation applications,
it is understood that it has been frequently used in remediating oil
(petroleum hydrocarbon) spills or metal-contaminated soil. Scholars
argue that it is an environmentally friendly approach as the bio-
surfactants show minimal toxicity for aquatic and soil ecosystems [81,
109]. A few researchers discuss that biosurfactants detach the hydro-
carbons from the soil particles, enhancing the microbial decomposition
of the same, aiding immediate bioremediation [82,110]. For an instant,
it can remove 15-30 % more oil from contaminated sites than the con-
ventional methods and 90-100 % of contaminated metals (lead, chro-
mium and zinc). Moreover, as the used biosurfactants degrade naturally
within 1-3 weeks, it reduces pollution in the long run [81]. Also, it is
reported that due to the antimicrobial properties of some biosurfactants,
the remediated soil can be used for agricultural purposes without using
pesticides in it, which can be an economic benefit as well [110]. How-
ever, biosurfactants enhance the diversity of micro-organisms in the soil
or the water when applied. Primarily this is because, increase of the
solubility of hydrocarbons in the soil increase the nutrient availability
[111]. This can be affected negatively if not monitored as the excess
microbial community can produce toxic by-products or can cause
clogging’s of reservoirs.

Apparently, quantification of the impacts of biosurfactant usage is
difficult as it can be vary significantly based on the nature of the
contamination, soil type or structure, and biosurfactant to be used.
Nevertheless, some implications can be identified in the recent

Table 3
Various use and post/use phase emission parameters of biochar with corre-
sponding references.

sium or calcium in the biochar [95,96]. Moreover, it is often identified Parameter Units Value ranges References
t[hat these .substances are abundant in the produc.ts if the. feedstock used CO, Abatement £COyeqper  0.05-0.07 137,
is poultry industry-based [97]. However, according to Xiang et al. [48], hectar 100-106]
biochar made from poultry litter or with high pyrolyzing temperature in PAH Emissions kg 0.0002-0.001 (D [48,98])
acidic soils can be beneficial in elevating the pH of the acidic soil. On the VOC Emissions Controlled kg 8'2860012 (751
. o . .

othe'r hand,'blochar may a.bsorb an average of 65 % of.plar'lt available VOC Emission uncontrolled - 1.40. 751
nutrients (nitrogen, potassium and phosphorus) due to its high adsorp- 0.0000038
tion capacity of the same. This may reduce the effective nutrient avail- Inorganic nitrogen fertilizer kg 3.35 [107]
ability of the soil, advantageous in the long term but disadvantageous in (Urea) abatement -
the short-term crop production. Moreover, authors have also reported Inorganic phosphorus fertilizer kg 0.06 (25,731
hat the high bioavailability of arsenic in the soil that conditioned by th (P20s) abatement
that the high bioavailability of arsenic in the soil that conditioned by the Inorganic potassium fertilizer kg 0.03 [26,108]
biochar. This is reported to be a 101.6 % increase in arsenic if (K,0) abatement
straw-based feed materials have been used in biochar production [48]. Compost treatment minimization kg 15.415 [25,37]
Further, Wang et al. [98] reported the toxicity increase related to
Table 2
Comparison of various emission parameters of biochar and biosurfactant transportation with corresponding references.

Parameter Unit Biochar Biosurfactant

Value ranges References Value ranges References

CO, Emissions kg CO; eq. 0.0155-0.45 [71,74] 0.1- 0.0003 Calculated [79,83,85]

% loss of biochar during transport/application % 1-3 (Aller, 2016b; [75,871; Z [88]) Not Applicable Not Applicable

GHG Emission kg CO5 eq. 0.01-0.04 (Aller, 2016c¢; [37,89]) Not Quantified [90]

Transportation cost dollars per mile 0.10- 0.50 [91] 0.15-0.75 Calculated [79,83,85]
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literature. Mulligan [43] shows that in-situ remediation of soil using
biosurfactant avoids the soil transportation and disposal off the site,
avoiding up to 8-12 tCO5 eq. per hectare of land [43]. However, this
avoidance is due to the non-presence of transportation, hence not a
strong evidence accounts for the application phase. In contrast, Pac-
wa-Ptociniczak [112] reports the case of hydrocarbon reduction in the
contaminated soils by 35-68 % using biosurfactants. It is shown that the
application avoided 1.5-3.2 tCO5 eq. per hectare emissions by elimi-
nating long-term leaching without adding any other impacts to the soil
system [112]. This can be converted to 0.5 — 3.2 kg CO> eq./kg of bio-
surfactant, considering the dose of biosurfactant per hectare can range
between 1-3 tons/ha (Ozlem [11]). A few manuscripts report that the
toxicity eliminations and biodegradability benefits of biosurfactants
when applied in soil remediations. Accordingly, biosurfactants can
eliminate 0.22-6.11 kg CO5 eq. of impacts per kg of biosurfactants that
otherwise occurred for the aquatic environment if synthetic surfactants
were used. Similarly, the biodegradability of biosurfactants can elimi-
nate 0.9-1.7 kg of CO, eq. impacts that would occur through synthetic
surfactant accumulation [43,113]. These use and post-use related data
for biosurfactants are summarized in Table 4.

2.4. Mass flow analysis based on application dosages

As per the analysis made so far environmental effects of the materials
(biochar or biosurfactants) addition in soils are highly sensitive to the
mass of biochar or biosurfactants that is being produced, transported or
added to the soil. However, the amount of the production or the trans-
portation depend on the application dosage of the considered material.
Hence, it is important to understand the relevant biochar and bio-
surfactant soil application dosages in order to evaluate the overall effect
of the two products under one functional unit. Further explaining, it is
not correct to compare 1 kg of biochar with 1 kg of biosurfactant as the
actual application dosage may vary. For instant, what 1 kg of biochar
does to contaminated soil maybe done by much less mass of bio-
surfactant. Hence, it is vital to understand the actual application dosage
and back calculate the mass required from each material.

In the case of biochar, it is often recommended to use smaller dosages
in contaminated or agricultural sites at the beginning and to monitor the
effect of biochar over the time. It is recommended to change the dosages
after this monitoring of the soil conditions if required. Often, this smaller
dosage refers to 1-3 tons of biochar per hectare of land. However, these
dosages are highly dependent on various factors such as soil type, eco-
nomic nature and the environmental concerns and also nature of the
land (contaminated or agricultural). Moreover, different feedstocks used
in biochar production can also affect the dosage determination (Jona-
than [114,115]).

In most cases of agricultural lands, the biochar dosage is set to be in
between 2.5-25 tons per hectare. It is reported that these limits balance
the economic aspects and the soil conditioning efficiencies effectively
(Jonathan [114,116]). For instant, Yang et al. [116] reported that sandy
loam soils in semiarid regions required 15 tons/ha of biochar applica-
tion to improve the nutrient availability and fertilizer efficiency [116].
In contrast, for tobacco cultivation low rate (900 kg/ha) of biochar has
been applied for optimum growth, while higher rates negatively affected
the plant health and the soil nutrient availability [115]. Alternatively, in

Table 4
Various use and post/use phase emission parameters of biosurfactants with
corresponding references.

Parameter Units Value ranges References
CO, Abatement tCOz-eq/ha 8.00-12.00 [43]

Metal removal % (Pb, Cr, Zn) % 90-100 [113]
Avoided leaching reduction tCOz-eq/ha 1.5-3.2 [112]
toxicity avoidance Kg COz-eq/ha 0.22-6.11 [113]
biodegradability kg CO4-eq 0.9-1.7 [43]
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contamination site remediation, the dosage can be determined based on
the contaminated pollutant, biochar characterization and the soil pH
levels. For metal-contaminated sites, often 5-10 % of biochar by weight
is recommended for effective remediation. It is studied that, this dosage
immobilizes the cadmium, copper and zinc in acidic soil types [97,117].
In another study, it is mentioned that chromium and arsenic can be
immobilized in the contaminated site in the long term by adding lower
rates (0.3 % by weight) of biochar through chemical adsorption and
redox reactions [118]. Nevertheless, organic pollutant-contaminated
soil required lower rates of biochar applications. As an example, Gao
et al. [119] reported that 3-5 % of biochar by weight is efficient in
removing 90 % of atrazine pesticides from the contaminated site. It is
worth to note that the researchers used iron-enhanced modified biochar
for the treatment mechanism [119]. Another study carried out by Xiang
et al. [120] mentioned that, only 1-2 % of wood-derived biochar by
weight is enough to treat the contaminated site. Specifically, for
hydrocarbon-contaminated soils treatment using pollutant-degrading
bacteria in the void spaces available in the applied biochar [120].
Moreover, alkaline biochar is mostly required in lower rates (5 % by
weight) due to the effective pH raising ability [117,97]. Given the ranges
suggested by various articles, the safe range of biochar application can
be identified as 1-10 % by weight. This can be calculated as 10-100 tons
of biochar requirement per hectare of land.

In the case of biosurfactants, the dosages are highly dependent on the
nature and the content of the contamination, the properties or the
structure of the soil and the properties of the biosurfactants to be used.
For instance, Zenginyurek [11] explained that higher biosurfactant
dosages (>1000 ppm of rhamnolipids) are required for soils contami-
nated with hydrophobic pesticides. This is mainly due to the elevated
levels of bioavailability needed for the treatment of such soil systems
(Ozlem [11]). Bustamente et al. [113] reported that highly porous soil
systems often require 20-30 % higher dosage of biosurfactants than the
lower porosity soil systems. Authors have shown that this is due to the
lower sorption’s reported by lower porosity soils. Moreover, authors also
reported that the critical micelle concentration (CMC) value of the
biosurfactant is often useful for the dose optimization. Mainly lower
CMC values denote that the biosurfactant is effective at lower concen-
trations and vice versa. In addition, above the CMC values (>45 mg/L
for surfactin), the biosurfactant can solubilize the hydrophobic con-
taminants, increasing the availability for the degradation [113]. Other
than these, general factors like cost of the products, toxicity limits and
mixing strategies can also affect the effective dose of the biosurfactant to
be used in the contamination sites [121].

Considering the specific cases of biosurfactant applications,
1.6-1000 ppm (mg/kg of soil) is often reported when rhamnolipids were
utilized. For instance, 13 % extra removal was observed when rham-
nolipids were applied to remove trifluralin (a hydrophobic soil
pollutant) with high dosages. In the case of crude oil removal, efficiency
around 80 % was reported when similar dosages of rhamnolipids were
used [113,121]. In acidic soils, endosulfan contaminants removal was
experimented with limited degradation results at 0.98-195 ppm of
sophorolipids dosage (Ozlem [11]). Moreover, hydrocarbon removal
from the contaminated soils were achieved with promising results when
dosage concentrations exceeded CMC limits (45-50 mg/L) of the soph-
orolipids biosurfactants [113]. Alternatively, around a 60 % reduction
of octane in the contaminated site was observed when Lactobacillus
biosurfactants were used. However, the dosage was not clearly
mentioned in the study [121]. These values can be converted to “ton-
s/ha” assuming the soil bulk density of 1.8 kg/m® and the average
contaminated depth to be 0.2 m. The calculation shows, 1-3 tons/ha will
be the optimum dosage range to be used in contaminated sites [121].

Table 5 summarises the material flow, emissions and energy re-
quirements under different phases of the biochar and biosurfactant life
cycle, calculated to treat 1 hectare of contaminated land. Energy and
emissions per 1 kg of materials were multiplied by the dosage identified
in the Section 2.4 to calculate the energy and emissions per 1 hectare of
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Table 5

Calculated values for main parameters under different life cycle stages of biochar
and biosurfactant, focusing on the functional unit of 1 hectare of land contam-
inated soil remediation.

Life cycle Parameter Unit Biochar Biosurfactant
phase performance performance
(+Standard (+Standard
Deviation) Deviation)
Production Feed material ton/ 260 + 139 16 £ 8
phase requirement ha
CH4 ton/ 100 + 57 NA
ha
N2O ton/ 55426 NA
ha
PM10 ton/ 39+18 NA
ha
PAH ton/ 1.7+1 NA
ha
CO, ton/ 1.5+0.7 NA
abatement ha
Energy GJ/ 79.2 + 37.4 2340 + 677.23
consumption ha
Energy GJ/ 368.25 + 173.9 NA
Production ha
Transport CO ton/ 12.8 £ 6.1 0.15 £+ 0.08
ha
Use and Post CO, ton/ 136.5 + 71.3 15.5 + 2.33
use abatement ha
PAH ton/ 0.3 NA
ha
VvocC ton/ 0.19 NA
ha

*All the values mentioned here are calculated based on Table 1-4 as the
methodology explained in Section 2.4.
**Standard deviation calculated based on uniform distribution.

*NA stands for not applicable.

land. The standard deviation of each average value was calculated
assuming a uniform distribution of values. Normal distribution was not
possible to use as the ranges denote minimum and maximum values
only. Premathilake et al. [122] discusses the standard deviation calcu-
lation using maximum and minimum values using uniform distribution,
which is adapted here in this article [122,123].

Fig. 4 shows the mass flow diagram built using Stan 2.7 software
based on the findings in the Table 4 in comparative form. It is possible to
understand that the biochar shows a higher environmental degradation
than biosurfactant to treat one hectare of contaminated land, consid-
ering the emissions. This is mainly due to the low biosurfactant material
requirements to treat the land even it requires higher energy and con-
sumption per kg of material than biochar. Moreover, the number of
emissions (CH4, N2O, PM;4, VOC, PAH) made by biochar pre and post
use is also a crucial factor. However, the energy consumption of bio-
surfactant production is extremely higher than the biochar, which can
be a negative point in biosurfactant usage. It is important to note that,
biochar produces a net energy out, while biosurfactant required net
energy input. Accordingly, biochar has a negative energy requirement,
while biosurfactant has a positive requirement. Moreover, Energy
requirement in biosurfactant is 10 times more than what biochar pro-
duces. Since the energy generation has the highest impact in the envi-
ronment, impacts of biosurfactant is too high compared to that of
biochar. This makes biochar-based treatment environmentally logical
than using biosurfactant for the same reason.

3. Economic implications of biochar and biosurfactants
considering different life stages

Economic impacts of biochar are highly sensitive to the selling price.
Other than that, it can also be dependent on the types of feedstocks used,
pyrolysis technology and the applications. Evidence in the literature
suggests that on average, the selling price of 1 kg of biochar can vary
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from 0.44 $ to 0.98 $, with the cost of the feedstock materials in the
range of $ 0.12-0.15/ kg of biochar [14,52]. In some cases, using
agricultural waste (including digestates) as the feedstock and utilizing
cheaper pyrolysis technologies often resulted in a broader selling price
range from $ 0.01 to $3.5 per kg of biochar [26,93]. In contrast,
modified or activated biochar with higher quality elevates the price per
kg than the average values. This is mainly due to the pre- and
post-processing needs, processing or monitoring for quality standards
(microbial availability) and proper packaging requirements [48,77].
Surplus energy generation is also elevating the economic benefits of
biochar production. Many scholars report that some systems are able to
supply 68.7 % of their energy requirements and extra heat supplies for
external grids [31].

The addition of biochar increases the profitability of the agricultural
lands through the increase in crop yield. Further, it reduces the overall
cost of irrigation as biochar helps soil to retain more water while
enriching the soil fertility through the increase of soil biodiversity [31,
65,66,93]. Kuppusamy et al. [52] reported that crop yield can be
increased up to 7-320 % depending on the application range of 2.5-50
t/ha [52]. Hence, users can increase the economic benefits through the
increased yield and reduction of the operational costs per kg of biochar
used. In addition to that, economic benefits can be expected through
carbon sequestration, which is related to carbon removal certificates. It
is identified that an economic benefit of $110 can be compensated for
the avoidance of 1 ton of COy equivalent [31]. This benefit can be
converted into $ 0.143 - 0.286 /kg of biochar used with the values
identified in Section 2.

Transportation can also be an important factor that increases the
economic efficiency of biochar. Best practice would be local production
of biochar eliminating transportation which could otherwise elevate the
costs specially incurred if longer distances are involved. Moreover,
lower bulk density (250-350 kg/mB) can elevate the costs as it increases
the frequency of transportation [14,31,66,93]. Ultimately, the in-
vestments for industrial quality biochar production plants can be higher.
However, recent findings show a positive net present value (NPV) and
returns of investments up to 8 % in biochar production facilities where
raw materials are abundant or fertilizer supplies are disrupted [14,77].
Considering all these factors, the economic benefits of biochar can be
calculated to be $ 0.433 — 1.156 per kg of biochar. It is important to note
that the facility installation costs, and other operational costs should be
taken into consideration when developing the profit margins. Here it is
shown only the potential economic benefits arising from 1 kg of biochar
application which calculated through limited data availability.

Considering the biosurfactants' life stages, producing the same has a
considerable cost compared to its synthetic counterpart lowering its
overall economic benefits. It is identified that 30-50 % of the cost is
associated with the raw material consumption, which can be reduced to
10-30 % if agro-industrial waste is used [17,19]. A major part of the cost
of production is accounted for fermentation and purification, where
higher energy intensity and controlling is used. It is estimated that
60-80 % is often involved with these two production stages [109,110,
124]. Schonhoff et al. [59] reported that large-scale rhamnolipids-based
biosurfactant production can cost $ 5-10 /kg while mannosylerythritol
lipids cost $ 3-6 /kg [28]. However, Akbari et al. [17] estimated that the
cost of biosurfactant production generally results in the range of $ 2-5
/kg, which is costlier than the synthetic surfactants ($ 1-4 /kg) [17]. In
contrast, the selling prices of the biosurfactants depend on the raw
materials, method, and the scale of production. Quality products with
traditional production methods have the highest selling price recorded
at around $ 34/kg [125]. However, optimization (46 % glucose syrup or
corn steep liquor as the substrate) and large-scale production (over 8000
MT/year) can reduce the cost of production drastically, having the
selling price per kg as low as $ 6.2 ([126]; Neil [127]). Common bio-
surfactants such as rhamnolipids and sophorolipids in commercial pro-
duction lines with advanced strain improvements and process
optimizations report much realistic selling prices in the range of $ 2.5 —
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Fig. 4. Material and emissions flow with energy consumptions to treat 1 hectare of contaminated land under different life cycle stages using (a) biochar or (b)
biosurfactant (*assuming 0.15 m depth contamination in the land with density of 1.8 g/cm®. **Thickness of the arrows represent the size of the flow in each case.
***All the values are provided in tons unless it is mentioned. Based on values in Table 4).

5/kg which can compete with their synthetic counterparts (Simon
[128]).

Transportation significantly cut down the cost of biosurfactant use.
Mainly, articles encourage the use of in-situ biosurfactant production to
reduce the cost of longer transportation [81,82,110]. Some researchers
show that $ 0.5-2 /kg savings can be achieved using in situ bio-
surfactants compared to synthetic ones [82,124]. Moreover, it is iden-
tified that the long-term impacts of biosurfactants on the soils were nil,
suggesting that 20-30 % savings in long-term chemical usage [17,124].
Furthermore, remediated soil systems can be successfully utilized for
agricultural uses, further enhancing the economic benefits of bio-
surfactant usage [81,82,85]. These economic savings can vary from $
1-4 /kg of biosurfactant, as literature suggests. Considering the cost, the
selling prices and the potential savings, the overall economic benefit of
using biosurfactant can be calculated to be varied from $ —1.5 to 7 /kg
of biosurfactant. This shows that there is a possibility that the overall
benefits can be negative given a cost instead of a benefit in the worst
case. However, the values used here are taken from multiple literature
and calculated based on assumptions. Hence, it can be deviated from the
true values.

Fig. 5 shows the comparison of average costs and overall benefits to
treat 1 hectare of contaminated land by using biochar or biosurfactants.
For the calculations, biochar and biosurfactant consumption for the
treatment of 1 hectare of land was considered as identified in Section 2.

Later, costs and incomes identified for 1 kg of materials were multiplied
by the mass of materials needed for the treatment of 1 hectare of land.
The figure also denotes the standard deviation for each category,
calculated assuming the uniform distribution. As per the figure, using
biochar is seemingly beneficial than using of biosurfactant for the soil
remediation in contaminated sites.

4. Social insight on biochar and biosurfactant applications

Literature that discusses about social implications specifically by site
remediation application of biochar or biosurfactants, is severely lacking.
However, a few articles managed to point out several social implications
of biochar and biosurfactants-related applications, which have been
discussed below.

Mohammed et al. [129] show multiple social impacts resulting from
biochar in the sub-Saharan African context. In the article, it is reported
that food security can be increased substantially using biochar as a soil
amendment for agricultural land preparation. It is observed that a 15-25
% crop yield enhances the life of small farm holders in the area.
Furthermore, the adoption of biochar-related small-scale industries has
emerged as a powerful catalyst for advancing gender equity. By utilizing
accessible, decentralized technologies such as dual-chamber pyrolysis
reactors—designed to operate efficiently in field or household settings
with minimal technical expertise—these initiatives break down
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Fig. 5. Average costs and benefits of using biochar or biosurfactant to treat 1 hectare of contaminated land. (*potential savings denote the possible income from
carbon sequestering, additional crop production or yield, and avoided fertilizer use. **benefit denotes the net economic income, which is calculated through the
difference between the costs and incomes. Based on the values calculated throughout the Section 3).

traditional barriers to participation [15]. Also, it is observed 40 % in-
crease in women’s participation in briquette production in Northern
Ghana, where income was increased, reducing the poverty gap. More-
over, the use of biochar briquettes in the area replaces the costly and
polluting charcoal-based energy sources, reducing the cost of energy by
20-35 % [129]. The simplicity of biochar production systems, which
require low upfront investment and basic operational know-how, cre-
ates opportunities for women to engage in sustainable entrepreneurship,
skill development, and decision-making roles within their communities.
This shift not only empowers women economically but also fosters in-
clusive growth by redistributing productive resources and amplifying
their voices in climate-smart solutions [15]. However, on the social cost
side, a pilot project undertaken in Cote d’Ivoire shows that
industry-scale biochar production plants and plantation arrangements
can displace 10-15 % of communities from the land-scarce regions [129,
130]. Further, literature shows that there is a reportingly high increase
(5-10 %) of respiratory diseases among populations living close to
biochar production sites due to the dust emissions [130]. Similar
problems can arise when transporting low bulk density biochar due to
particle emissions. It is reported that the final price of biochar can be
increased by 25-40 % if the bulk density is lower, reducing the afford-
ability of low-income populations (Benjamin D [131]). Moreover, many
non-governmental organizations (NGOs) argue that the use of biochar in
the lands poses risks of soil commodification, which harms indigenous
land rights in the long term [130].

In the case of biosurfactants, similar social acceptance can be seen.
For an instant, rural sugar processing areas of India and Brazil witnessed
a 20 % increase in the employment rate when the industries started to
produce biosurfactants using sugar industry wastes (molasses). How-
ever, 70 % of the jobs were seasonal [5,132]. In another case, despite the
existing training gaps, biorefineries in the European Union, increased
the employment for skilled labourers (fermentation technicians) by
12-18 % [28]. Moreover, health benefits were also observed. Commu-
nities close to detergent factories that used biosurfactants instead of
synthetic surfactants reduced the respiratory-related disease by 8-12 %.
In addition, the use of biosurfactants reduced the water pollution-related
diseases by 12-18 % in rural areas in Brazil, enhancing the quality of life
of the nearby populations [5]. In transporting of biosurfactant, it is
studied that the toxicity-related impacts that occur through spillage can
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be reduced by 30 %, implying a safe working environment for workers
[6]. Further, transporting related costs can be reduced drastically, and
the employment rate can be increased substantially if the biosurfactants
are produced locally as per some researchers [28]. On the negative side,
the main concern was the manufacturing cost of biosurfactants, which is
up to 50 times than its synthetic counterparts. This seriously limits the
market penetration (less than 5%) of biosurfactants in low-income
sub-Saharan Africa [5]. Moreover, having many patents for Europe
and North American countries in biosurfactant production increases the
imported product prices of biosurfactants in the lower-income countries
up to 15-20 % [28].

5. Conclusions

The use of biochar and biosurfactants in contaminated land reme-
diation presents distinct trade-offs across environmental, economic, and
social dimensions. The manuscript analyzed per hectare of land appli-
cation of biochar and biosurfactant rather than comparing directly 1 to 1
kg of material production. Biochar exhibits higher production emissions
per hectare—approximately 100 tons of CHy, 55 tons of N3O, 38 tons of
PM;, and 1.7 tons of PAHs—while biosurfactant production generates
negligible direct emissions. However, biosurfactants demand signifi-
cantly more energy (~2340 GJ) compared to biochar (~80 GJ), which
can even contribute surplus energy to the grid. Transport-related emis-
sions are also higher for biochar due to its greater material volume
needed to treat 1 hectare of land. During application, biochar continues
to emit pollutants (0.015-ton PAHs and 1.99-ton VOCs per hectare),
whereas biosurfactants remain emission-free. Considering the material
flow, using of biosurfactant is beneficial to the environment. However,
energy consumption and production play a vital role for the decision
making. When powered by renewable energy, biosurfactants offer su-
perior environmental performance; otherwise, biochar is the more
energy-efficient and sustainable option though emissions are present.

Economically, biochar currently delivers stronger returns (=
$60,000 per ha) compared with biosurfactants (= $9750 per ha), while
biosurfactants provide added value through enhanced biodegradation
rather than mere sequestration. Socially, biochar can improve food se-
curity and energy access, whereas biosurfactants support rural
employment and safer working conditions but remain limited by high
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costs and patents. Policy measures—including incentives for low-energy
biosurfactant production, R&D investments, minimum quality standards
and fair-pricing regulations for biochar, and patent easing and tech-
nology transfer for biosurfactants—will be essential to enhance eco-
nomic feasibility and ensure equitable sustainability outcomes.

Finally, the synergistic use of biochar and biosurfactants remains
underexplored. Given their complementary mechanisms, future
research should focus on quantifying the combined environmental,
economic, and social impacts of integrated application strategies.

CRediT authorship contribution statement

Dilshan Sandaruwan Premathilake: Conceptualization, Formal
analysis, Investigation, Methodology, Visualization, Writing — original
draft, Writing — review & editing. Arumadura Aruna Manoj Prasad
Silva: Conceptualization, Formal analysis, Visualization, Writing — re-
view & editing. W.A.M.A.N. Illankoon: Conceptualization, Validation,
Writing — review & editing. Asia Rosatelli: Validation, Visualization.
Fabrizio Beltrametti: Project administration, Resources. Adriana
Bava: Funding acquisition, Project administration. Francesco Batta-
glia: Funding acquisition, Project administration, Resources. Marco
Mendola: Funding acquisition, Project administration, Resources. Fili-
ppo Passaro: Project administration, Resources. Alessandro Abba:
Supervision, Validation, Writing — review & editing. Andrea Franzetti:
Resources, Supervision, Writing — review & editing. Mentore Vaccari:
Project administration, Resources, Supervision, Writing — review &
editing.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

This manuscript is a work comes under the project BIO2BIO, which is
funded by a cascade call granted by University of Milano in the context
of Spoke 8 of AGRITECH- National Research Centre for Agricultural
Technologies (CUP G43C22001330005).

Data availability
Data is already given in the manuscript

References

[1] M.C. Collivignarelli, S. Sorlini, C. Milanese, W.A.M.A.N. Illankoon, F.

M. Caccamo, S. Calatroni, Rice industry by-products as adsorbent materials for
removing fluoride and arsenic from drinking water—a review, Appl. Sci. 12
(2022) 3166, https://doi.org/10.3390/app12063166.

Tao, W., Zhu, Z., Xu, C., Xu, Z., Zhang, Y., Wu, Z., Zhang, P., Li, H,, Li, S., Yuan,
Q., Pan, B., 2024. Prediction of biochar yield and persistent free radical
generation for lignocellulose biomass using a detailed analysis of chemical
composition. https://doi.org/10.2139/ssrn.4977753.

W.A.M.A.N. Illankoon, C. Milanese, M.C. Collivignarelli, S. Sorlini, Value chain
analysis of rice industry by products in a circular economy context: a review,
Waste 1 (2023) 333-369, https://doi.org/10.3390/waste1020022.

E.J. Gudina, V. Rangarajan, R. Sen, L.R. Rodrigues, Potential therapeutic
applications of biosurfactants, Trends. Pharmacol. Sci. 34 (2013) 667-675,
https://doi.org/10.1016/j.tips.2013.10.002.

F. Barbosa, D. Ribeaux, T. Rocha, R. Costa, R. Guzman, P. Marcelino, T. Lacerda,
S. da Silva, Biosurfactants: sustainable and versatile molecules, J. Braz. Chem.
Soc. (2022), https://doi.org/10.21577/0103-5053.20220074.

L. Lu, S. Rughoft, D. Straub, S.B. Joye, A. Kappler, S. Kleindienst, Rhamnolipid
biosurfactants enhance microbial oil biodegradation in surface seawater from the
North Sea, ACS. ES. T. Water. 3 (2023) 2255-2266, https://doi.org/10.1021/
acsestwater.3c00048.

M.C. Collivignarelli, W.A.M.A.N. Illankoon, C. Milanese, S. Calatroni, F.

M. Caccamo, M. Medina-Llamas, A. Girella, S. Sorlini, Preparation and
modification of biochar derived from agricultural waste for metal adsorption

[2]

[3]

[4]

(5]

(6]

[7]

11

[8

[9

[10]

[11]
[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

Energy Nexus 21 (2026) 100644

from urban wastewater, Water. (Basel) 16 (2024) 698, https://doi.org/10.3390/
w16050698.

M. Liang, L. Lu, H. He, J. Li, Z. Zhu, Y. Zhu, Applications of biochar and modified
biochar in heavy metal contaminated soil: a descriptive review, Sustainability. 13
(2021) 14041, https://doi.org/10.3390/5u132414041.

Bidoia Ederio Dino, Renato Nallin Montagnolli, Biodegradation, Pollutants and
Bioremediation Principles, CRC Press, Boca Raton, 2021, https://doi.org/
10.1201/9780429293931. First edition.|CRC Press, Taylor & Francis.

S. Curiel-Alegre, D. de la Fuente-Vivas, A.H.A. Khan, J. Garcia-Tojal, B. Velasco-
Arroyo, C. Rumbo, G. Soja, C. Rad, R. Barros, Unveiling the capacity of
bioaugmentation application, in comparison with biochar and rhamnolipid for
TPHs degradation in aged hydrocarbons polluted soil, Environ. Res. 252 (2024)
118880, https://doi.org/10.1016/j.envres.2024.118880.

Ozlem Zenginyiirek, Effects of Biosurfactants on Remediation of Soils
Contaminated with Pesticides, Izmir Institute of Technology, izmir, Turkey, 2002.
K.A. Spokas, Review of the stability of biochar in soils: predictability of O:c molar
ratios, Carbon. Manage 1 (2010) 289-303, https://doi.org/10.4155/cmt.10.32.
Z.H. Weng, A.L. Cowie, Estimates vary but credible evidence points to gigaton-
scale climate change mitigation potential of biochar, Commun. Earth. Environ. 6
(2025) 259, https://doi.org/10.1038/5s43247-025-02228-x.

T. Haeldermans, L. Campion, T. Kuppens, K. Vanreppelen, A. Cuypers,

S. Schreurs, A comparative techno-economic assessment of biochar production
from different residue streams using conventional and microwave pyrolysis,
Bioresour. Technol. 318 (2020), https://doi.org/10.1016/j.
biortech.2020.124083.

W.A.M.A.N. Illankoon, C. Milanese, A.K. Karunarathna, A.M.Y.W. Alahakoon, P.
G. Rathnasiri, M. Medina-Llamas, M.C. Collivignarelli, S. Sorlini, Development of
a dual-chamber pyrolizer for biochar production from agricultural waste in Sri
Lanka, Energies. (Basel) 16 (2023) 1819, https://doi.org/10.3390/en16041819.
W.A.M.A.N. Illankoon, C. Milanese, A.K. Karunarathna, K.D.H.E. Liyanage, A.M.
Y.W. Alahakoon, P.G. Rathnasiri, M.C. Collivignarelli, S. Sorlini, Evaluating
sustainable options for valorization of rice by-products in Sri Lanka: an approach
for a circular business model, Agronomy 13 (2023) 803, https://doi.org/
10.3390/agronomy13030803.

S. Akbari, N.H. Abdurahman, R.M. Yunus, F. Fayaz, O.R. Alara, Biosurfactants—a
new frontier for social and environmental safety: a mini review, Biotechnol. Res.
Innov. 2 (2018) 81-90, https://doi.org/10.1016/j.biori.2018.09.001.

L. Warguta, M. Kukla, B. Wieczorek, P. Krawiec, Energy consumption of the wood
size reduction processes with employment of a low-power machines with various
cutting mechanisms, Renew. Energy 181 (2022) 630-639, https://doi.org/
10.1016/j.renene.2021.09.039.

C., .F.. Carolin, P. Senthil Kumar, G. Mohanakrishna, R.V. Hemavathy,

G. Rangasamy, T. M Aminabhavi, Sustainable production of biosurfactants via
valorisation of industrial wastes as alternate feedstocks, Chemosphere 312
(2023), https://doi.org/10.1016/j.chemosphere.2022.137326.

S.S. Harsono, P. Grundman, L.H. Lau, A. Hansen, M.A.M. Salleh, A. Meyer-Aurich,
A. Idris, T.I.M. Ghazi, Energy balances, greenhouse gas emissions and economics
of biochar production from palm oil empty fruit bunches, Resour. Conserv.
Recycl. 77 (2013) 108-115, https://doi.org/10.1016/j.resconrec.2013.04.005.
Y. Lee, J. Park, C. Ryu, K.S. Gang, W. Yang, Y.-K. Park, J. Jung, S. Hyun,
Comparison of biochar properties from biomass residues produced by slow
pyrolysis at 500°C, Bioresour. Technol. 148 (2013) 196-201, https://doi.org/
10.1016/j.biortech.2013.08.135.

A. Mukherjee, B.R. Patra, J. Podder, A.K. Dalai, Synthesis of biochar from
lignocellulosic biomass for diverse industrial applications and energy harvesting:
effects of pyrolysis conditions on the physicochemical properties of biochar,
Front. Mater. 9 (2022), https://doi.org/10.3389/fmats.2022.870184.

T. Karmainski, M.K. Lipa, S. Kubicki, A. Bouchenafa, S. Thies, K.-E. Jaeger, L.
M. Blank, T. Tiso, Optimized feeding strategies for biosurfactant production from
Acetate by Alcanivorax borkumensis SK2, Fermentation 10 (2024) 257, https://
doi.org/10.3390/fermentation10050257.

S.A. Qamar, S. Pacifico, Cleaner production of biosurfactants via bio-waste
valorization: a comprehensive review of characteristics, challenges, and
opportunities in bio-sector applications, J. Environ. Chem. Eng. 11 (2023)
111555, https://doi.org/10.1016/j.jece.2023.111555.

D. Gahane, D. Biswal, S.A. Mandavgane, Life cycle assessment of biomass
pyrolysis, BioEnergy Res. 15 (2022) 1387-1406, https://doi.org/10.1007/
512155-022-10390-9.

E. Munoz, G. Curaqueo, M. Cea, L. Vera, R. Navia, Environmental hotspots in the
life cycle of a biochar-soil system, J. Clean. Prod. 158 (2017) 1-7, https://doi.
org/10.1016/j.jclepro.2017.04.163.

0.0. Aru, N.E. Ikechukwu, O, Life cycle assessment of the environmental impact
of biosurfactant production from oil waste by a diculture of azotobacter
vinelandii and Pseudomonas sp, J. Bioremediat. Biodegrad. (2018) 09, https://
doi.org/10.4172/2155-6199.1000435.

A. Schonhoff, G. Stockigt, C. Wulf, P. Zapp, W. Kuckshinrichs, Biosurfactants’
production with substrates from the sugar industry - environmental, cost, market,
and social aspects, RSC Sustain. 1 (2023) 1798-1813, https://doi.org/10.1039/
d3su00122a.

I. Olasanmi, R. Thring, The role of biosurfactants in the continued drive for
environmental sustainability, Sustainability. 10 (2018) 4817, https://doi.org/
10.3390/su10124817.

S. Adhikari, E. Moon, J. Paz-Ferreiro, W. Timms, Comparative analysis of biochar
carbon stability methods and implications for carbon credits, Sci. Total Environ.
914 (2024) 169607, https://doi.org/10.1016/].scitotenv.2023.169607.


https://doi.org/10.3390/app12063166
https://doi.org/10.2139/ssrn.4977753
https://doi.org/10.3390/waste1020022
https://doi.org/10.1016/j.tips.2013.10.002
https://doi.org/10.21577/0103-5053.20220074
https://doi.org/10.1021/acsestwater.3c00048
https://doi.org/10.1021/acsestwater.3c00048
https://doi.org/10.3390/w16050698
https://doi.org/10.3390/w16050698
https://doi.org/10.3390/su132414041
https://doi.org/10.1201/9780429293931
https://doi.org/10.1201/9780429293931
https://doi.org/10.1016/j.envres.2024.118880
http://refhub.elsevier.com/S2772-4271(26)00016-1/sbref0089
http://refhub.elsevier.com/S2772-4271(26)00016-1/sbref0089
https://doi.org/10.4155/cmt.10.32
https://doi.org/10.1038/s43247-025-02228-x
https://doi.org/10.1016/j.biortech.2020.124083
https://doi.org/10.1016/j.biortech.2020.124083
https://doi.org/10.3390/en16041819
https://doi.org/10.3390/agronomy13030803
https://doi.org/10.3390/agronomy13030803
https://doi.org/10.1016/j.biori.2018.09.001
https://doi.org/10.1016/j.renene.2021.09.039
https://doi.org/10.1016/j.renene.2021.09.039
https://doi.org/10.1016/j.chemosphere.2022.137326
https://doi.org/10.1016/j.resconrec.2013.04.005
https://doi.org/10.1016/j.biortech.2013.08.135
https://doi.org/10.1016/j.biortech.2013.08.135
https://doi.org/10.3389/fmats.2022.870184
https://doi.org/10.3390/fermentation10050257
https://doi.org/10.3390/fermentation10050257
https://doi.org/10.1016/j.jece.2023.111555
https://doi.org/10.1007/s12155-022-10390-9
https://doi.org/10.1007/s12155-022-10390-9
https://doi.org/10.1016/j.jclepro.2017.04.163
https://doi.org/10.1016/j.jclepro.2017.04.163
https://doi.org/10.4172/2155-6199.1000435
https://doi.org/10.4172/2155-6199.1000435
https://doi.org/10.1039/d3su00122a
https://doi.org/10.1039/d3su00122a
https://doi.org/10.3390/su10124817
https://doi.org/10.3390/su10124817
https://doi.org/10.1016/j.scitotenv.2023.169607

D.S. Premathilake et al.

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

S. Fawzy, A.L. Osman, N. Mehta, D. Moran, A.H. Al-Muhtaseb, D.W. Rooney,
Atmospheric carbon removal via industrial biochar systems: a techno-economic-
environmental study, J. Clean. Prod. 371 (2022), https://doi.org/10.1016/j.
jelepro.2022.133660.

P. Jiménez-Penalver, A. Koh, R. Gross, T. Gea, X. Font, Biosurfactants from waste:
structures and interfacial properties of sophorolipids produced from a residual oil
cake, J. Surfactants. Deterg. 23 (2020) 481-486, https://doi.org/10.1002/
jsde.12366.

S.K. Karan, D. Woolf, E.S. Azzi, C. Sundberg, S.A. Wood, Potential for biochar
carbon sequestration from crop residues: a global spatially explicit assessment,
GCB Bioenergy 15 (2023) 1424-1436, https://doi.org/10.1111/gcbb.13102.

A. Decesaro, T.S. Machado, A.C. Cappellaro, C.0. Reinehr, A. Thomé, L.M. Colla,
Biosurfactants during in situ bioremediation: factors that influence the
production and challenges in evalution, Environ. Sci. Pollut. Res. 24 (2017)
20831-20843, https://doi.org/10.1007/511356-017-9778-7.

Y. Louhasakul, B. Cheirsilp, R. Intasit, S. Maneerat, A. Saimmai, Enhanced
valorization of industrial wastes for biodiesel feedstocks and biocatalyst by
lipolytic oleaginous yeast and biosurfactant-producing bacteria, Int. Biodeterior.
Biodegradat. 148 (2020) 104911, https://doi.org/10.1016/j.ibiod.2020.104911.
G. Cornelissen, C. Makate, J. Mulder, J. Janssen, J. Trimarco, A. Obia,

V. Martinsen, E. Sprmo, Emission factors for biochar production from various
biomass types in flame curtain kilns, Appl. Sci. 14 (2024) 9649, https://doi.org/
10.3390/app14219649.

A. Mohammadi, A.L. Cowie, T.L. Anh Mai, M. Brandao, R. Anaya de la Rosa,

P. Kristiansen, S. Joseph, Climate-change and health effects of using rice husk for
biochar-compost: comparing three pyrolysis systems, J. Clean. Prod. 162 (2017)
260-272, https://doi.org/10.1016/j.jclepro.2017.06.026.

K. Gautam, P. Sharma, V.K. Gaur, P. Gupta, U. Pandey, S. Varjani, A. Pandey, J.W.
C. Wong, J.-S. Chang, Oily waste to biosurfactant: a path towards carbon
neutrality and environmental sustainability, Environ. Technol. Innov. 30 (2023)
103095, https://doi.org/10.1016/j.eti.2023.103095.

N. Ameloot, P. Maenhout, S. De Neve, S. Sleutel, Biochar-induced N20 emission
reductions after field incorporation in a loam soil, Geoderma 267 (2016) 10-16,
https://doi.org/10.1016/j.geoderma.2015.12.016.

N. Borchard, M. Schirrmann, M.L. Cayuela, C. Kammann, N. Wrage-M6nnig, J.
M. Estavillo, T. Fuertes-Mendizabal, G. Sigua, K. Spokas, J.A. Ippolito, J. Novak,
Biochar, soil and land-use interactions that reduce nitrate leaching and N20
emissions: a meta-analysis, Sci. Total Environ. 651 (2019) 2354-2364, https://
doi.org/10.1016/j.scitotenv.2018.10.060.

M.L. Cayuela, M.A. Sanchez-Monedero, A. Roig, K. Hanley, A. Enders,

J. Lehmann, Biochar and denitrification in soils: when, how much and why does
biochar reduce N20 emissions? Sci. Rep. 3 (2013) 1732, https://doi.org/
10.1038/srep01732.

B. Minofar, N. Mil¢i¢, J. Marousek, B. Gavurova, A. Marouskova, Understanding
the molecular mechanisms of interactions between biochar and denitrifiers in
N:20 emissions reduction: pathway to more economical and sustainable fertilizers,
Soil. Tillage Res. 248 (2025) 106405, https://doi.org/10.1016/j.
still.2024.106405.

C.N. Mulligan, Sustainable remediation of contaminated soil using biosurfactants,
Front. Bioeng. Biotechnol. 9 (2021), https://doi.org/10.3389/
fbioe.2021.635196.

J.-Y. Kim, K.-S. Cho, Inoculation effect of Pseudomonas sp. TF716 on N20
emissions during rhizoremediation of diesel-contaminated soil, Sci. Rep. 12
(2022) 13018, https://doi.org/10.1038/541598-022-17356-z.

S. Ravi, J. Li, Z. Meng, J. Zhang, S. Mohanty, Generation, resuspension, and
transport of particulate matter from biochar-amended soils: a potential health
risk, GeoHealth 4 (2020), https://doi.org/10.1029/2020GH000311.

M.A. Severy, D.J. Carter, K.D. Palmer, A.J. Eggink, C.E. Chamberlin, A.

E. Jacobson, Performance and emissions control of commercial-scale biochar
production unit, Appl. Eng. Agric. 34 (2018) 73-84, https://doi.org/10.13031/
aea.12375.

S. Valizadeh, S.S. Lee, Y.J. Choi, K. Baek, B.-H. Jeon, K.-Y. Andrew Lin, Y.-K. Park,
Biochar application strategies for polycyclic aromatic hydrocarbons removal from
soils, Environ. Res. 213 (2022) 113599, https://doi.org/10.1016/j.
envres.2022.113599.

L. Xiang, S. Liu, S. Ye, H. Yang, B. Song, F. Qin, M. Shen, C. Tan, G. Zeng, X. Tan,
Potential hazards of biochar: the negative environmental impacts of biochar
applications, J. Hazard. Mater. (2021), https://doi.org/10.1016/j.
jhazmat.2021.126611.

C. Zhang, B. Shan, S. Jiang, W. Tang, Effects of the pyrolysis temperature on the
biotoxicity of phyllostachys pubescens biochar in the aquatic environment,

J. Hazard. Mater. 376 (2019) 48-57, https://doi.org/10.1016/j.
jhazmat.2019.05.010.

Gudmundur Johannesson, 2024. GHG life cycle assessment of CharBoss® biochar
production and potential use for CDR certificate generation.

J. Ruzickova, S. Koval, H. Raclavska, M. Kucbel, B. Svedova, K. Raclavsky,

D. Juchelkova, F. Scala, A comprehensive assessment of potential hazard caused
by organic compounds in biochar for agricultural use, J. Hazard. Mater. 403
(2021), https://doi.org/10.1016/j.jhazmat.2020.123644.

S. Kuppusamy, P. Thavamani, M. Megharaj, K. Venkateswarlu, R. Naidu,
Agronomic and remedial benefits and risks of applying biochar to soil: current
knowledge and future research directions, Environ. Int. (2016), https://doi.org/
10.1016/j.envint.2015.10.018.

J.F. Parr, Effect of fire on phytolith coloration, Geoarchaeology. 21 (2006)
171-185, https://doi.org/10.1002/gea.20102.

12

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

Energy Nexus 21 (2026) 100644

M.Rashid Khan, Advances in Clean Hydrocarbon Fuel Processing, Woodhead
Publishing Limited, 2011.

L. Bippus, A.-K. Briem, A. Beck, S. Zibek, S. Albrecht, Life cycle assessment for
early-stage process optimization of microbial biosurfactant production using
kinetic models—A case study on mannosylerythritol lipids (MEL), Front. Bioeng.
Biotechnol. 12 (2024), https://doi.org/10.3389/fbioe.2024.1347452.

A. Schonhoff, G. Stockigt, C. Wulf, P. Zapp, W. Kuckshinrichs, Biosurfactants’
production with substrates from the sugar industry — environmental, cost, market,
and social aspects, RSC Sustain. 1 (2023) 1798-1813, https://doi.org/10.1039/
D3SUO00122A.

P. Singh, Y. Patil, V. Rale, Biosurfactant production: emerging trends and
promising strategies, J. Appl. Microbiol. 126 (2019) 2-13, https://doi.org/
10.1111/jam.14057.

A.H. Nurfarahin, M.S. Mohamed, L.Y. Phang, Culture medium development for
microbial-derived surfactants production—an overview, Molecules. 23 (2018)
1049, https://doi.org/10.3390/molecules23051049.

A. Schonhoff, N. Ihling, A. Schreiber, P. Zapp, Environmental impacts of
biosurfactant production based on substrates from the sugar industry, ACS.
Sustain. Chem. Eng. 10 (2022) 9345-9358, https://doi.org/10.1021/
acssuschemeng.2c01256.

A. Karnwal, S. Shrivastava, A.R.M.S. Al-Tawaha, G. Kumar, R. Singh, A. Kumar,
A. Mohan, T. Yogita, Malik, Microbial biosurfactant as an alternate to chemical
surfactants for application in cosmetics industries in personal and skin care
products: a critical review, Biomed. Res. Int. 2023 (2023), https://doi.org/
10.1155/2023/2375223.

G.-P. Voulgaridou, T. Mantso, I. Anestopoulos, A. Klavaris, C. Katzastra, D.-

E. Kiousi, M. Mantela, A. Galanis, K. Gardikis, .M. Banat, T. Gutierrez, K. Satek,
S. Euston, ML.I. Panayiotidis, A. Pappa, Toxicity profiling of biosurfactants
produced by novel marine bacterial strains, Int. J. Mol. Sci. 22 (2021) 2383,
https://doi.org/10.3390/ijms22052383.

P. Parthipan, L. Cheng, A. Rajasekar, O. Parthiba Karthikeyan, P.K.S.M. Rahman,
Editorial: biosurfactants - next-generation biomolecules for enhanced
biodegradation of organic pollutants, volume II, Front. Microbiol. 15 (2024),
https://doi.org/10.3389/fmicb.2024.1513087.

E. Eras-Munoz, A. Farré, A. Sanchez, X. Font, T. Gea, Microbial biosurfactants: a
review of recent environmental applications, Bioengineered. 13 (2022)
12365-12391, https://doi.org/10.1080/21655979.2022.2074621.

D.B. Tripathy, Biosurfactants: green frontiers in water remediation, ACS. ES. T.
Water. 4 (2024) 4721-4740, https://doi.org/10.1021/acsestwater.4c00604.

M. Kamali, N. Sweygers, S. Al-Salem, L. Appels, T.M. Aminabhavi, R. Dewil,
Biochar for soil applications-sustainability aspects, challenges and future
prospects, Chem. Eng. J. (2022), https://doi.org/10.1016/j.cej.2021.131189.

F. Yang, C. Wang, H. Sun, A comprehensive review of biochar-derived dissolved
matters in biochar application: production, characteristics, and potential
environmental effects and mechanisms, J. Environ. Chem. Eng. (2021), https://
doi.org/10.1016/j.jece.2021.105258.

S.E. Ibitoye, C. Loha, R.M. Mahamood, T.-C. Jen, M. Alam, I. Sarkar, P. Das, E.
T. Akinlabi, An overview of biochar production techniques and application in iron
and steel industries, Bioresour. Bioprocess. 11 (2024) 65, https://doi.org/
10.1186/540643-024-00779-z.

J. Lehmann, S. Joseph (Eds.), Biochar for Environmental Management,
Routledge, 2015, https://doi.org/10.4324/9780203762264.

M.F. Aller, Biochar properties: transport, fate, and impact, Crit. Rev. Environ. Sci.
Technol. 46 (2016) 1183-1296, https://doi.org/10.1080/
10643389.2016.1212368.

S.H. Ong, R.R. Tan, V. Andiappan, Optimisation of biochar-based supply chains
for negative emissions and resource savings in carbon management networks,
Clean. Technol. Environ. Policy. 23 (2021) 621-638, https://doi.org/10.1007/
510098-020-01990-0.

S.M. Desjardins, M.T. Ter-Mikaelian, J. Chen, Carbon footprint of biochar from
forest harvest residues as a substitute for coal during steel production, ACS
Sustain. Resour. Manag. 2 (2025) 243-255, https://doi.org/10.1021/
acssusresmgt.4c00263.

J.G. Rosas, N. Gomez, J. Cara, J. Ubalde, X. Sort, M.E. Sanchez, Assessment of
sustainable biochar production for carbon abatement from vineyard residues,

J. Anal. Appl. Pyrolysis. 113 (2015) 239-247, https://doi.org/10.1016/j.
jaap.2015.01.011.

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

P. Llorach-Massana, E. Lopez-Capel, J. Pena, J. Rieradevall, J.I. Montero, N. Puy,
Technical feasibility and carbon footprint of biochar co-production with tomato
plant residue, Waste Manag. 67 (2017) 121-130, https://doi.org/10.1016/j.
wasman.2017.05.021.

A. Mohammadi, A. Cowie, T.L.A. Mai, R.A. De La Rosa, M. Brandao,

P. Kristiansen, S. Joseph, Quantifying the greenhouse gas reduction benefits of
utilising straw biochar and enriched biochar. Energy Procedia, Elsevier Ltd, 2016,
pp. 254261, https://doi.org/10.1016/j.egypro.2016.10.069.

Y. Zhou, S. Qin, S. Verma, T. Sar, S. Sarsaiya, B. Ravindran, T. Liu, R. Sindhu, A.
K. Patel, P. Binod, S. Varjani, R. Rani Singhnia, Z. Zhang, M.K. Awasthi,
Production and beneficial impact of biochar for environmental application: a
comprehensive review, Bioresour. Technol. (2021), https://doi.org/10.1016/j.
biortech.2021.125451.


https://doi.org/10.1016/j.jclepro.2022.133660
https://doi.org/10.1016/j.jclepro.2022.133660
https://doi.org/10.1002/jsde.12366
https://doi.org/10.1002/jsde.12366
https://doi.org/10.1111/gcbb.13102
https://doi.org/10.1007/s11356-017-9778-7
https://doi.org/10.1016/j.ibiod.2020.104911
https://doi.org/10.3390/app14219649
https://doi.org/10.3390/app14219649
https://doi.org/10.1016/j.jclepro.2017.06.026
https://doi.org/10.1016/j.eti.2023.103095
https://doi.org/10.1016/j.geoderma.2015.12.016
https://doi.org/10.1016/j.scitotenv.2018.10.060
https://doi.org/10.1016/j.scitotenv.2018.10.060
https://doi.org/10.1038/srep01732
https://doi.org/10.1038/srep01732
https://doi.org/10.1016/j.still.2024.106405
https://doi.org/10.1016/j.still.2024.106405
https://doi.org/10.3389/fbioe.2021.635196
https://doi.org/10.3389/fbioe.2021.635196
https://doi.org/10.1038/s41598-022-17356-z
https://doi.org/10.1029/2020GH000311
https://doi.org/10.13031/aea.12375
https://doi.org/10.13031/aea.12375
https://doi.org/10.1016/j.envres.2022.113599
https://doi.org/10.1016/j.envres.2022.113599
https://doi.org/10.1016/j.jhazmat.2021.126611
https://doi.org/10.1016/j.jhazmat.2021.126611
https://doi.org/10.1016/j.jhazmat.2019.05.010
https://doi.org/10.1016/j.jhazmat.2019.05.010
https://doi.org/10.1016/j.jhazmat.2020.123644
https://doi.org/10.1016/j.envint.2015.10.018
https://doi.org/10.1016/j.envint.2015.10.018
https://doi.org/10.1002/gea.20102
http://refhub.elsevier.com/S2772-4271(26)00016-1/sbref0069
http://refhub.elsevier.com/S2772-4271(26)00016-1/sbref0069
https://doi.org/10.3389/fbioe.2024.1347452
https://doi.org/10.1039/D3SU00122A
https://doi.org/10.1039/D3SU00122A
https://doi.org/10.1111/jam.14057
https://doi.org/10.1111/jam.14057
https://doi.org/10.3390/molecules23051049
https://doi.org/10.1021/acssuschemeng.2c01256
https://doi.org/10.1021/acssuschemeng.2c01256
https://doi.org/10.1155/2023/2375223
https://doi.org/10.1155/2023/2375223
https://doi.org/10.3390/ijms22052383
https://doi.org/10.3389/fmicb.2024.1513087
https://doi.org/10.1080/21655979.2022.2074621
https://doi.org/10.1021/acsestwater.4c00604
https://doi.org/10.1016/j.cej.2021.131189
https://doi.org/10.1016/j.jece.2021.105258
https://doi.org/10.1016/j.jece.2021.105258
https://doi.org/10.1186/s40643-024-00779-z
https://doi.org/10.1186/s40643-024-00779-z
https://doi.org/10.4324/9780203762264
https://doi.org/10.1080/10643389.2016.1212368
https://doi.org/10.1080/10643389.2016.1212368
https://doi.org/10.1007/s10098-020-01990-0
https://doi.org/10.1007/s10098-020-01990-0
https://doi.org/10.1021/acssusresmgt.4c00263
https://doi.org/10.1021/acssusresmgt.4c00263
https://doi.org/10.1016/j.jaap.2015.01.011
https://doi.org/10.1016/j.jaap.2015.01.011
https://doi.org/10.1007/s11367-020-01830-9
https://doi.org/10.1016/j.wasman.2017.05.021
https://doi.org/10.1016/j.wasman.2017.05.021
https://doi.org/10.1016/j.egypro.2016.10.069
https://doi.org/10.1016/j.biortech.2021.125451
https://doi.org/10.1016/j.biortech.2021.125451

D.S. Premathilake et al.

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

B.A. Oni, O. Oziegbe, 0.0. Olawole, Significance of biochar application to the
environment and economy, Ann. Agric. Sci. (2019), https://doi.org/10.1016/j.
20as.2019.12.006.

F.M. dos Santos, A. Pasinato Napp, C. Pinto de Aguiar, W. Lautert Dutra,

B. GON&Ccedil;ALVES, F. Dalla Vecchia, R. Deo Tewari, C. Melo, Carbon dioxide
as a Carbon source for biosurfactant production, SSRN Electron. J. (2025),
https://doi.org/10.2139/ssrn.5066224.

V.S. Nagtode, C. Cardoza, H.K.A. Yasin, S.N. Mali, S.M. Tambe, P. Roy, K. Singh,
A. Goel, P.D. Amin, B.R. Thorat, J.N. Cruz, A.P. Pratap, Green surfactants
(Biosurfactants): a petroleum-free substitute for sustainability-comparison,
applications, market, and future prospects, ACS. Omega 8 (2023) 11674-11699,
https://doi.org/10.1021 /acsomega.3c00591.

R. Silva, D. Almeida, R. Rufino, J. Luna, V. Santos, L. Sarubbo, Applications of
biosurfactants in the petroleum industry and the remediation of oil spills, Int. J.
Mol. Sci. 15 (2014) 12523-12542, https://doi.org/10.3390/ijms150712523.

P. Hosseininoosheri, H.R. Lashgari, K. Sepehrnoori, A novel method to model and
characterize in-situ bio-surfactant production in microbial enhanced oil recovery,
Fuel 183 (2016) 501-511, https://doi.org/10.1016/j.fuel.2016.06.035.

F. Md, Biosurfactant: production and application, J. Pet. Environ. Biotechnol. 03
(2012), https://doi.org/10.4172/2157-7463.1000124.

A. Ali, A.R.A. Aziz, A. Ismael, M. Alqaed, S, Biosurfactants as an alternative eco-
friendly solution for water-in-diesel emulsions- a review paper, Heliyon. 10
(2024) 37485, https://doi.org/10.1016/j.heliyon.2024.e37485.

M. Silva, G.C. da, A.O. Medeiros, A. Converti, F.C.G. Almeida, L.A. Sarubbo,
Biosurfactants: promising biomolecules for agricultural applications,
Sustainability. 16 (2024) 449, https://doi.org/10.3390/5u16010449.

AK. Briem, L. Bippus, A. Oraby, P. Noll, S. Zibek, S. Albrecht, Environmental
impacts of biosurfactants from a life cycle perspective: a systematic literature
review. Advances in Biochemical Engineering/Biotechnology, Springer Science
and Business Media Deutschland GmbH, 2022, pp. 235-269, https://doi.org/
10.1007/10_2021_194.

E. Eras-Munoz, A. Farré, A. Sanchez, X. Font, T. Gea, Microbial biosurfactants: a
review of recent environmental applications, Bioengineered. 13 (2022)
12365-12391, https://doi.org/10.1080/21655979.2022.2074621.

S.H. Ong, R.R. Tan, V. Andiappan, Optimisation of biochar-based supply chains
for negative emissions and resource savings in carbon management networks,
Clean. Technol. Environ. Policy. 23 (2021) 621-638, https://doi.org/10.1007/
5$10098-020-01990-0.

Z. Zhou, Y. Lai, Q. Peng, J. Li, Comparative life cycle assessment of merging
recycling methods for spent lithium ion batteries, Energies. (Basel) 14 (2021)
6263, https://doi.org/10.3390/en14196263.

S.H. Ong, R.R. Tan, V. Andiappan, Optimisation of biochar-based supply chains
for negative emissions and resource savings in carbon management networks,
Clean. Technol. Environ. Policy. 23 (2021) 621-638, https://doi.org/10.1007/
510098-020-01990-0.

Y.E. Faccioli, S. da, K.W. de Oliveira, J.M. Campos-Guerra, A. Converti, R. Soares
da Silva, C.F. de, L.A. Sarubbo, Biosurfactants: chemical properties, ecofriendly
environmental applications, and uses in the industrial energy sector, Energies.
(Basel) 17 (2024) 5042, https://doi.org/10.3390/en17205042.
businessplan-templates, What will Be the running costs of a biochar production
company in 2025?, URL, WWWDocument, 2025, https://businessplan-templates.
com/blogs/running-costs/biochar-production-company. URL (accessed 7.29.25).
K. Vadakkan, K. Sathishkumar, R. Raphael, V.O. Mapranathukaran, J. Mathew,
B. Jose, Review on biochar as a sustainable green resource for the rehabilitation
of petroleum hydrocarbon-contaminated soil, Sci. Total Environ. 941 (2024)
173679, https://doi.org/10.1016/j.scitotenv.2024.173679.

N. Khan, P. Chowdhary, E. Gnansounou, P. Chaturvedi, Biochar and
environmental sustainability: emerging trends and techno-economic perspectives,
Bioresour. Technol. (2021), https://doi.org/10.1016/j.biortech.2021.125102.
Chris Smith, Zebedee R.J. Nicholls, Kyle Armour, William Collins, Piers Forster,
Malte Meinshausen, Matthew D. Palmer, Masahiro Watanabe, 2021. The Earth’s
energy Budget, climate feedbacks and climate sensitivity supplementary material.
K. Huang, M. Li, Rongpeng Li, F. Rasul, S. Shahzad, C. Wu, J. Shao, G. Huang,
Ronghui Li, S. Almari, M. Hashem, M. Aamer, Soil acidification and salinity: the
importance of biochar application to agricultural soils, Front. Plant Sci. 14
(2023), https://doi.org/10.3389/fpls.2023.1206820.

A. Obia, G. Cornelissen, J. Mulder, P. Dorsch, Effect of soil pH increase by biochar
on NO, N20 and N2 production during denitrification in acid soils, PLoS. One 10
(2015) e0138781, https://doi.org/10.1371/journal.pone.0138781.

R.P. Premalatha, J. Poorna Bindu, E. Nivetha, P. Malarvizhi, K. Manorama,

E. Parameswari, V. Davamani, A review on biochar’s effect on soil properties and
crop growth, Front. Energy Res. 11 (2023), https://doi.org/10.3389/
fenrg.2023.1092637.

D. Wang, L. Wang, G. Liang, H. Li, Z. Liu, Z. Tang, J. Liang, C. Zhi, A superior
8-MnO2 cathode and a self-healing Zn-3-MnO2 battery, ACS. Nano 13 (2019)
10643-10652, https://doi.org/10.1021/acsnano.9b04916.

J. Wang, E.S. Odinga, W. Zhang, X. Zhou, B. Yang, M.G. Waigi, Y. Gao,
Polyaromatic hydrocarbons in biochars and human health risks of food crops
grown in biochar-amended soils: a synthesis study, Environ. Int. 130 (2019),
https://doi.org/10.1016/j.envint.2019.06.009.

D.M. Aller, S.V. Archontoulis, W. Zhang, W. Sawadgo, D.A. Laird, K. Moore, Long
term biochar effects on corn yield, soil quality and profitability in the US
Midwest, Field. Crops. Res. 227 (2018) 30-40, https://doi.org/10.1016/j.
fcr.2018.07.012.

J.L. Field, C.M.H. Keske, G.L. Birch, M.W. DeFoort, M.F. Cotrufo, Distributed
biochar and bioenergy coproduction: a regionally specific case study of

13

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

Energy Nexus 21 (2026) 100644

environmental benefits and economic impacts, GCB Bioenergy 5 (2013) 177-191,
https://doi.org/10.1111/gcbb.12032.

S.P. Galinato, J.K. Yoder, D. Granatstein, The economic value of biochar in crop
production and carbon sequestration, Energy Policy 39 (2011) 6344-6350,
https://doi.org/10.1016/j.enpol.2011.07.035.

C.-C. Kung, F. Kong, Y. Choi, Pyrolysis and biochar potential using crop residues
and agricultural wastes in China, Ecol. Indic. 51 (2015) 139-145, https://doi.org/
10.1016/j.ecolind.2014.06.043.

H.R. Lu, A. El Hanandeh, Life cycle perspective of bio-oil and biochar production
from hardwood biomass; what is the optimum mix and what to do with it?

J. Clean. Prod. 212 (2019) 173-189, https://doi.org/10.1016/j.
jclepro.2018.12.025.

N.R. Pandit, J. Mulder, S.E. Hale, A.R. Zimmerman, B.H. Pandit, G. Cornelissen,
Multi-year double cropping biochar field trials in Nepal: finding the optimal
biochar dose through agronomic trials and cost-benefit analysis, Sci. Total
Environ. 637-638 (2018) 1333-1341, https://doi.org/10.1016/j.
scitotenv.2018.05.107.

B.F. Snyder, Costs of biomass pyrolysis as a negative emission technology: a case
study, Int. J. Energy Res. 43 (2019) 1232-1244, https://doi.org/10.1002/
er.4361.

TESEO, 2022. Italy: prices of mineral fertilizers [WWW Document]. URL https://t
eseo.clal.it/en/?section—concimi (accessed 7.29.25).

X. Zhang, J. Witte, T. Schildhauer, C. Bauer, Life cycle assessment of power-to-gas
with biogas as the carbon source, Sustain. Energy Fuels. 4 (2020) 1427-1436,
https://doi.org/10.1039/c9se00986h.

A.A. Jimoh, J. Lin, Biosurfactant: a new frontier for greener technology and
environmental sustainability, Ecotoxicol. Environ. Saf. (2019), https://doi.org/
10.1016/j.ecoenv.2019.109607.

A.R. Markande, D. Patel, S. Varjani, A review on biosurfactants: properties,
applications and current developments, Bioresour. Technol. (2021), https://doi.
org/10.1016/j.biortech.2021.124963.

E. Eras-Munoz, A. Farré, A. Sanchez, X. Font, T. Gea, Microbial biosurfactants: a
review of recent environmental applications, Bioengineered. 13 (2022)
12365-12391, https://doi.org/10.1080/21655979.2022.2074621.

M. Pacwa-Plociniczak, G.A. Plaza, Z. Piotrowska-Seget, S.S. Cameotra,
Environmental applications of biosurfactants: recent advances, Int. J. Mol. Sci. 12
(2011) 633-654, https://doi.org/10.3390/ijms12010633.

M. Bustamante, N. Duran, M.C. Diez, Biosurfactants are useful tools for the
bioremediation of contaminated soil: a review, J. Soil. Sci. Plant Nutr. (2012),
https://doi.org/10.4067/50718-95162012005000024.

Jonathan Holt, Earl Creech, Darren McAvoy, Niel Allen, Jeff Austin, Dean
Winward, 2021. Biochar impacts on crop yield and soil water availability.

Y. Yang, W. Ahmed, C. Ye, L. Yang, L. Wu, Z. Dai, K.A. Khan, X. Hu, X. Zhu,

Z. Zhao, Exploring the effect of different application rates of biochar on the
accumulation of nutrients and growth of flue-cured tobacco (Nicotiana tabacum),
Front. Plant Sci. 15 (2024), https://doi.org/10.3389/fpls.2024.1225031.

W. Yang, G. Feng, Y. Jia, Y. Yang, X. Gao, L. Gao, Z. Qu, Impact of single biochar
application on maize growth and water-fertilizer productivity under different
irrigation regimes, Front. Plant Sci. 13 (2022), https://doi.org/10.3389/
fpls.2022.1006827.

F. Bilias, T. Nikoli, D. Kalderis, D. Gasparatos, Towards a soil remediation strategy
using biochar: effects on soil chemical properties and bioavailability of potentially
toxic elements, Toxics. 9 (2021) 184, https://doi.org/10.3390/toxics9080184.
E. Kabir, K.-H. Kim, E.E. Kwon, Biochar as a tool for the improvement of soil and
environment, Front. Environ. Sci. 11 (2023), https://doi.org/10.3389/
fenvs.2023.1324533.

L. Gao, Z. Dong, Y. Xu, L. Zhao, X. Xing, Z. Han, M. Jin, X. Li, X. Zhang, Z. Zhang,
Advancements in biochar research methods for soil pollution remediation:
development and applications, ACS. Omega 10 (2025) 9854-9868, https://doi.
org/10.1021/acsomega.4c10533.

L. Xiang, J.D. Harindintwali, F. Wang, M. Redmile-Gordon, S.X. Chang, Y. Fu,
C. He, B. Muhoza, F. Brahushi, N. Bolan, X. Jiang, Y.S. Ok, J. Rinklebe,

A. Schaeffer, Y. Zhu, J.M. Tiedje, B. Xing, Integrating biochar, bacteria, and plants
for sustainable remediation of soils contaminated with organic pollutants,
Environ. Sci. Technol. 56 (2022) 16546-16566, https://doi.org/10.1021 /acs.
est.2¢02976.

D.P. Sachdev, S.S. Cameotra, Biosurfactants in agriculture, Appl. Microbiol.
Biotechnol. 97 (2013) 1005-1016, https://doi.org/10.1007/500253-012-4641-8.
D.S. Premathilake, T.G. Ambaye, A.B. Botelho Junior, A.T.M. Lima, D.C.

R. Espinosa, M. Vaccari, Comparative environmental and economic assessment of
emerging hydrometallurgical recycling technologies for Li-ion battery cathodes,
Sustain. Prod. Consum. 51 (2024) 327-344, https://doi.org/10.1016/j.
spc.2024.09.015.

D.S. Premathilake, W.A.M.A.N. Illankoon, A.B. Botelho Junior, C. Milanese, J.A.
S. Tendrio, D.C.R. Espinosa, M. Vaccari, Comparative analysis of facile and novel
graphite recovery methods from spent lithium-ion batteries: environmental and
economic implications, ACS. Sustain. Chem. Eng. (2025), https://doi.org/
10.1021/acssuschemeng.4c09084.

1.M. Banat, Q. Carboué, G. Saucedo-Castaneda, Jestis de, J. Cazares-Marinero,
Biosurfactants: the green generation of speciality chemicals and potential
production using solid-State fermentation (SSF) technology, Bioresour. Technol.
(2021), https://doi.org/10.1016/j.biortech.2020.124222.

Industry A.R.C., 2025. Biosurfactants market- by type , lipopeptides, lichenysin,
fatty acids, phospholipids & neutral lipids, polymeric Biosurfactants & others), by
source , by end-use industry , cosmetics & Personal care , by geography - global
opportunity analysis & industry forecast, 2024 - 2030.


https://doi.org/10.1016/j.aoas.2019.12.006
https://doi.org/10.1016/j.aoas.2019.12.006
https://doi.org/10.2139/ssrn.5066224
https://doi.org/10.1021/acsomega.3c00591
https://doi.org/10.3390/ijms150712523
https://doi.org/10.1016/j.fuel.2016.06.035
https://doi.org/10.4172/2157-7463.1000124
https://doi.org/10.1016/j.heliyon.2024.e37485
https://doi.org/10.3390/su16010449
https://doi.org/10.1007/10_2021_194
https://doi.org/10.1007/10_2021_194
https://doi.org/10.1080/21655979.2022.2074621
https://doi.org/10.1007/s10098-020-01990-0
https://doi.org/10.1007/s10098-020-01990-0
https://doi.org/10.3390/en14196263
https://doi.org/10.1007/s10098-020-01990-0
https://doi.org/10.1007/s10098-020-01990-0
https://doi.org/10.3390/en17205042
http://WWWDocument
https://businessplan-templates.com/blogs/running-costs/biochar-production-company
https://businessplan-templates.com/blogs/running-costs/biochar-production-company
https://doi.org/10.1016/j.scitotenv.2024.173679
https://doi.org/10.1016/j.biortech.2021.125102
https://doi.org/10.3389/fpls.2023.1206820
https://doi.org/10.1371/journal.pone.0138781
https://doi.org/10.3389/fenrg.2023.1092637
https://doi.org/10.3389/fenrg.2023.1092637
https://doi.org/10.1021/acsnano.9b04916
https://doi.org/10.1016/j.envint.2019.06.009
https://doi.org/10.1016/j.fcr.2018.07.012
https://doi.org/10.1016/j.fcr.2018.07.012
https://doi.org/10.1111/gcbb.12032
https://doi.org/10.1016/j.enpol.2011.07.035
https://doi.org/10.1016/j.ecolind.2014.06.043
https://doi.org/10.1016/j.ecolind.2014.06.043
https://doi.org/10.1016/j.jclepro.2018.12.025
https://doi.org/10.1016/j.jclepro.2018.12.025
https://doi.org/10.1016/j.scitotenv.2018.05.107
https://doi.org/10.1016/j.scitotenv.2018.05.107
https://doi.org/10.1002/er.4361
https://doi.org/10.1002/er.4361
https://teseo.clal.it/en/?section=concimi
https://teseo.clal.it/en/?section=concimi
https://doi.org/10.1039/c9se00986h
https://doi.org/10.1016/j.ecoenv.2019.109607
https://doi.org/10.1016/j.ecoenv.2019.109607
https://doi.org/10.1016/j.biortech.2021.124963
https://doi.org/10.1016/j.biortech.2021.124963
https://doi.org/10.1080/21655979.2022.2074621
https://doi.org/10.3390/ijms12010633
https://doi.org/10.4067/S0718-95162012005000024
https://doi.org/10.3389/fpls.2024.1225031
https://doi.org/10.3389/fpls.2022.1006827
https://doi.org/10.3389/fpls.2022.1006827
https://doi.org/10.3390/toxics9080184
https://doi.org/10.3389/fenvs.2023.1324533
https://doi.org/10.3389/fenvs.2023.1324533
https://doi.org/10.1021/acsomega.4c10533
https://doi.org/10.1021/acsomega.4c10533
https://doi.org/10.1021/acs.est.2c02976
https://doi.org/10.1021/acs.est.2c02976
https://doi.org/10.1007/s00253-012-4641-8
https://doi.org/10.1016/j.spc.2024.09.015
https://doi.org/10.1016/j.spc.2024.09.015
https://doi.org/10.1021/acssuschemeng.4c09084
https://doi.org/10.1021/acssuschemeng.4c09084
https://doi.org/10.1016/j.biortech.2020.124222

D.S. Premathilake et al.

[126]

[127]
[128]
[129]

N. Ebadipour, T.B. Lotfabad, S. Yaghmaei, R. RoostaAzad, Optimization of low-
cost biosurfactant production from agricultural residues through response surface
methodology, Prep. Biochem. Biotechnol. 46 (2016) 30-38, https://doi.org/
10.1080/10826068.2014.979204.

Neil Burns, 2024. Biosurfactants - the state of the industry.

Simon Hilton, 2022. Making economically viable biosurfactants.

S. Mohammed, N. Fatumah, K. Abasi, M. Olupot, M. Egesa, T. Rubhara,

A. Augustyniak, T. O’Connor, N. Tsolakis, J. Gaffey, H. McMahon, F. Anastasiadis,
Co-designing sustainable biochar business models with sub-Saharan African
communities for inclusive socio-economic transformation, Sci. Rep. 14 (2024)
15802, https://doi.org/10.1038/541598-024-66120-y.

14

[130]

[131]

[132]

Energy Nexus 21 (2026) 100644

Preferred by nature, 2009. Biochar: new weapon to fight deforestation and
climate change? [WWW Document]. URL https://www.preferredbynature.
org/news/biochar-new-weapon-fight-deforestation-and-climate-change (accessed
4.16.25).

Benjamin D. Hersh, 2019. Biochar production, applications, and waste
management for enhancing sustainability benefits across food-energy-water
systems.

A. Schonhoff, G. Stockigt, C. Wulf, P. Zapp, W. Kuckshinrichs, Biosurfactants’
production with substrates from the sugar industry — environmental, cost, market,
and social aspects, RSC Sustain. 1 (2023) 1798-1813, https://doi.org/10.1039/
D3SU00122A.


https://doi.org/10.1080/10826068.2014.979204
https://doi.org/10.1080/10826068.2014.979204
https://doi.org/10.1038/s41598-024-66120-y
https://www.preferredbynature.org/news/biochar-new-weapon-fight-deforestation-and-climate-change
https://www.preferredbynature.org/news/biochar-new-weapon-fight-deforestation-and-climate-change
https://doi.org/10.1039/D3SU00122A
https://doi.org/10.1039/D3SU00122A

	Environmental, economic, and social trade-offs in biochar and biosurfactant-based soil remediation: A critical review based ...
	1 Introduction
	2 Environmental implications of different stages of biochar and biosurfactants' life cycle
	2.1 Production phase
	2.2 Transportation phase
	2.3 Use and post-use phase
	2.4 Mass flow analysis based on application dosages

	3 Economic implications of biochar and biosurfactants considering different life stages
	4 Social insight on biochar and biosurfactant applications
	5 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Data availability
	References


