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The Role of Biochar Systems in the
Circular Economy: Biomass Waste
Valorization and Soil Remediation
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Abstract

The circular economy is considered as an alternative model to the unsustainable
linear “take-make-waste” approach that characterizes contemporary economic
systems. It aims to achieve sustainable development by promoting the responsible
and cyclical use of resources to maintain their value in the economy and
minimize pressures on the environment. Biochar systems offer opportunities for
operationalizing the CE model. They are multifunctional systems that can be used for
bioenergy and biochar production using an extensive range of biomass feedstocks,
including biowaste. They can contribute to climate change mitigation, as producing
biochar and mixing it with soil is a means for sequestering atmospheric CO,.
Moreover, the produced biochar has a wide range of applications, including its use for
agricultural soil amendment, wastewater treatment, manufacturing of cement, and
remediation of contaminated soils. This versatility of biochar systems creates great
opportunities for developing circular models of waste management that can valorize
different waste streams. This chapter provides an overview of the CE concept and
describes biochar systems, focusing on systems for the synergistic valorization of
wood waste and contaminated soils. It also discusses the role of these systems in the
CE indicating that they can contribute to the transition toward the CE.

Keywords: circular economy, sustainable development, biochar systems, wood waste,
contaminated soil

1. Introduction

The CE has emerged as an alternative model to the prevailing “take-make-waste”
approach to production and consumption in contemporary economic systems, which
is an unsustainable path leading to resource depletion and severe environmental
problems, such as climate change, air and water pollution, and biodiversity loss [1, 2].
In the linear economy, resources are extracted from nature, transformed into prod-
ucts that are then consumed within the human economic system until they are finally
disposed of as waste back to nature [2]. By contrast, the CE model fosters the responsible
and cyclical use of resources to maintain their value within the economy, while
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minimizing pressures on the environment [3, 4]. It operates at three system levels; the
micro level (products, consumers, companies), the meso level (eco-industrial parks),
and the macro level (cities, regions, countries), with the ultimate aim to achieve
sustainable development [5].

The transition toward the CE requires, among others, the development
of new technologies [6, 7]. An emerging technology that could promote the
operationalization of the CE model is biochar systems. These are multifunctional
systems that can produce bioenergy and biochar through the thermochemical
conversion of different types of biomass feedstocks (e.g., wood, agricultural
residues, and wastewater sludge) in an oxygen-limited environment [8, 9]. Biochar
is a porous solid carbonaceous material with versatile physicochemical properties
that has a multitude of applications, including its use for amendment of agricultural
soils, water purification and wastewater treatment, concrete and steel production,
and remediation of contaminated soils [10]. The application of biochar to soils is
probably its most prominent application, as, apart from improving soil quality, it
sequesters atmospheric CO,, thereby contributing to climate change mitigation [11].
The multi-functionality of the biochar systems offers opportunities for developing
integrated systems for valorizing different waste streams [12, 13], which is vital for
the implementation of the CE model.

In this chapter, biochar systems, for valorizing wood waste and contaminated
soils, are presented, and the potential role of these systems in the CE is explored. The
rest of the chapter is structured as follows: Section 2 provides an overview of the CE
concept and its principles to set the context of the study; Section 3 provides a brief
description of different biochar systems; Section 4 focuses on biochar systems for
valorizing wood waste and contaminated soils, and describes a case study, where the
environmental performance of such systems is assessed; Section 5. discusses the role
of biochar systems in the CE; and Section 6 summarizes the conclusion of the study.

2. The circular economy

The concept of CE originates in different schools of thought, including industrial
ecology, general systems theory, and ecological and environmental economics [14].
Its conceptual roots can be traced back to notions put forth decades ago, such as the
“Spaceship economy,” [15] the irreversible degradation of natural resources when
used by economic activities [16], the economy of loops [17], and the analogy between
ecosystems and industrial systems [18]. The contemporary conceptualizations
of CE include features from relevant concepts, including, but not limited to, the
regenerative design [19], industrial symbiosis [20], “cradle to cradle” design [21]" and
performance economy [22].

Over the past 10-15 years, the CE has been attracting increasing attention from
academia, companies, citizens, and policymakers [23]. It is regarded as a potential
solution to the challenges of resource depletion and environmental degradation caused
by the unsustainable linear “take—make-waste” paradigm that has dominated the
contemporary economic systems [1, 2]. To address these challenges, the CE promotes
system innovations that aim to maximize resource value, promote the cascading use of
renewable resources and minimize waste generation to reduce negative environmental
impacts and build natural, social, and economic capital [1, 24].

Overall, there is a general understanding that the CE is connected to sustainability
and sustainable development. Geissdoerfer et al. [23] identified three different general
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types of relationships between the CE and sustainability; 1) conditional, where the CE
is seen as one of the main conditions to attain sustainability, 2) beneficial, where the CE
is regarded as beneficial in regard to sustainability, and 3) trade—off, where the CE is seen
as a concept that can generate both benefits and costs in terms of sustainability. Having
this study as a point of departure, Sudrez-Eiroa et al. [25] suggested that there is a close
relationship between the CE and sustainability and that the CE is at least beneficial

for achieving sustainable development, as it can address some of the causes of cur-
rent sustainability-related problems. The relevance of CE for achieving sustainable
development was also confirmed by Schroeder et al. [26], who demonstrated that CE
practices can contribute to achieve a significant number of Sustainable Development
Goal targets. Despite these perspectives, the exact relationship between the CE and
sustainability and sustainable development remains still unclear and debatable [27, 28].

Moreover, there is a lack of consensus in defining the CE. Kirchherr et al. [5]
provided evidence of the heterogeneity in the definitions of the CE, by identifying
114 different definitions within academic articles, policy documents, and reports. The
scholars also found that only a few of the identified definitions show explicit linkages
between the CE concept and sustainable development. They also highlighted that the
social dimension of sustainable development is highly overlooked, compared to the
environmental and economic dimensions.

There is also a lack of consensus in conceptualizing the CE principles. A principle
is defined “as a basic idea or rule that explains or controls how something happens or
works.” [29] Reike et al. [30] analyzed 69 academic articles and identified that diver-
gent approaches in conceptualizing the CE principles dominate the literature. More
specifically, the scholars focused on the R-principles of the CE and found varying
numbers of these R-imperatives, ranging from 3Rs (Reduce-Reuse—Recycle) through
5Rs (Reduce-Reuse-Remanufacture-Recycle-Recover) to the more nuanced 10Rs
(Refuse, Rethink, Reduce, Reuse, Repair, Refurbish, Remanufacture, Repurpose,
Recycle, Recover). In addition, they revealed that different authors ascribe different
meanings in their conceptualizations of the R-principles and that some authors apply
a clear hierarchy when defining them, while others are more vague and suggestive.

Apart from the R-principles, alternative CE principles have also been proposed in
the literature. Sudrez-Eiroa et al. [25] used the term operational principles to define
theoretical strategies that explain how CE operates. They proposed seven operational
principles: (1) Adjusting inputs to the system to regeneration rates, (2) Adjusting
outputs from the system to absorption rates, (3) Closing the system, 4) Maintaining
the value of resources within the system, (5) Reducing the system’s size, (6)
Designing for CE, and (7) Educating for CE. Moreover, Bocken et al. [31] introduced
the three principles: (1) Narrowing loops, (2) Slowing loops, and (3) Closing loops,
to guide business strategists and designers in the transition from a linear to a CE.

In a recent study, Velenturf and Purnell [28] proposed 10 principles for the design,
implementation, and evaluation of sustainable CE. These are: 1) Beneficial reciprocal
flows of resources between nature and society, 2) Reduce and decouple resource use,
3) Design for circularity, 4) Circular business models to integrate multi-dimensional
value, 5) Transform consumption, 6) Citizen participation in sustainable transitions,
7) Coordinated participatory and multi-level change, 8) Mobilize diversity to develop
a plurality of circular economy solutions, 9) Political economy for multi-dimensional
prosperity, and 10) Whole system assessment.

According to Kalmykova et al. [32], the divergent approaches in defining and
conceptualizing the CE can hamper the advancement of the CE. However, the CE
is an evolving and dynamic field that involves different stakeholders with different
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interests and priorities and thus the adoption of a single unifying definition is perhaps
impossible and undesirable, as it would disregard some interests and fail to capture
recent developments [33]. This, of course, is not a reason to stop striving for greater
conceptual clarity on the CE. In this context, it is important to define explicitly the
concept and its principles early in a study.

In this chapter, we embrace the definition proposed by Kirchherr et al.*®**:

A circular economy describes an economic system that replaces the ‘end-of-life’
concept with reducing, alternatively reusing, recycling and recovering materials in
production/distribution and consumption processes. It opevates at the micro level
(products, companies, consumers), meso level (eco-industrial parks) and macro
level (city, vegion, nation and beyond), with the aim to accomplish sustainable
development, thus simultaneously creating envivonmental quality, economic
prosperity and social equity, to the benefit of curvent and future generations. It is
enabled by novel business models and responsible consumers.”

We adopt this definition as a basis for exploring the role of biochar systems in
the CE, as we consider it as one of the most comprehensive and insightful defini-
tions of the CE in the literature. It highlights that the transition toward the CE
requires the implementation of the model at three system levels (micro, meso
and macro level). Moreover, it clearly relates the CE with the three dimensions of
sustainable development (social, economic, environmental) and indicates that the
CE has a key role as a means to achieve sustainable development. It is also impor-
tant that it has an explicit reference to the 4Rs (Reduce-Reuse—Recycle—Recover)
principle of the CE.

3. Biochar systems

Biochar is the porous solid carbonaceous material derived from the
thermochemical conversion of biomass in an oxygen-limited environment [9]. It
can be produced from various biomass feedstocks, including wood, wood waste,
agricultural wastes (e.g., straw, rice husk), wastewater sludge, and food waste
[8]. The most commonly used thermochemical conversion process for biochar
production is pyrolysis, though other processes, such as gasification, torrefaction,
and hydrothermal conversion, can also be used [34]. Pyrolysis is the thermochemical
decomposition of biomass into condensable liquids, non-condensable gases, and
biochar in the absence of oxygen [35]. The distribution of these end products and
their properties depends on the process conditions (i.e., temperature, heating rate,
and residence time) and the type of biomass feedstock [36]. Based on the process
conditions, pyrolysis is classified as slow, fast, rapid, or flash, with slow pyrolysis
being more appropriate for a biochar targeted product [37].

Biochar systems using pyrolysis can be deployed at different scales (small-, medium-
and large-scale) and can perform multiple functions, as they can be used for biowaste
treatment and bioenergy generation, along with biochar production and use [38].
Bioenergy can be produced through the combustion of the pyrolytic gas and oil prod-
ucts, known as syngas and bio-oil (or bio-tar), respectively. Moreover, bioenergy can
be produced by using the produced biochar as solid fuel [9]. In addition to bioenergy
production, biochar can be used for a variety of applications, mainly because of its
versatile physicochemical properties [8, 10].
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The most prominent application of biochar is probably its application to soils.
Biochar can be used as a soil amendment for agricultural soils, as it can improve their
physicochemical properties and structure, increasing soil fertility and crop produc-
tivity [34, 37, 39]. At the same time, the production of biochar and its incorporation
into soils sequesters carbon. More specifically, the thermo-chemical conversion of
biomass into biochar increases the recalcitrance of carbon, enhancing its resistance
to chemical and biological degradation [34]. Thus, when biochar is incorporated into
the soil, the return of biomass carbon to the atmosphere as CO, is impeded [11, 40].
In this way, biochar can act as a carbon sink, thereby contributing to climate change
mitigation, and for that reason, the production of biochar with its incorporation in
soils has been recognized as a carbon dioxide-removal (CDR) technology [41].

Besides soil amendment and carbon sequestration, biochar has numerous
applications across various sectors. Biochar can be used as an additive for production
of cement [13], cement mortar [42] and concrete [43], adsorbent for wastewater
treatment and water purification, coke replacement in metallurgical processes, raw
material for the manufacture of activated carbon, and novel specialty materials for
electronic devices, such as carbon nanotubes and nanosheets [10], and platform
material for energy storage and conversion, including hydrogen storage and
production, fuel cells and lithium/sodium-ion batteries [44]. It can also be used as
a feed supplement for poultry or ruminants to improve the health and productivity
of the animals, reduce odors and nutrient losses from the manure, and serve, in
combination with the manure, as a slow-release fertilizer [45]. Moreover, the sorption
properties of biochar have sparked an interest in the use of biochar for remediating
soils contaminated with organic and/or inorganic pollutants [9, 46, 47].

4. Biochar systems for synergistic valorization of wood waste
and contaminated soil

Contamination of soils from human activities is a widespread environmental
problem around the globe [47]. Only in EU-28, it has been estimated that 2.8
million potentially contaminated sites exist [48]. A widely applied technique for
remediating contaminated sites worldwide is the “dig and dump” technique, where
the contaminated soil is excavated and landfilled, and the excavated site is usually
backfilled with virgin material [49]. However, this technique is not sustainable
because of high-energy requirements, scarcity of landfill space, high costs, and
decreasing availability of natural resources for backfilling [49]. Hence, various
alternative techniques are being explored, including the application of biochar to
contaminated soils.

Biochar exhibits good sorption properties for organic compounds, such as
polycyclic aromatic hydrocarbons (PAHs), and inorganic substances, such as heavy
metals, because of their large surface area, porous structure, and cation-exchange
capacity [9, 46, 47]. Therefore, the mixing of biochar with soils contaminated with
these substances is considered a potential option for stabilizing the contaminants.
The efficacy of this technique depends on the properties of the utilized biochar and
the type and concentration of contaminants in the soil [50]. For example, the efficacy
of biochar for sorption of PAHs and heavy metals, such as Cd, Zn, Pb, and Cu, have
been reported as good [51, 52], while for negatively charged metal(loid)s, such as As
and Mo, the sorption capacity of biochar is low [47, 50]. Furthermore, the interplay
between positive and negative effects has been reported for contaminated soils
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with multiple contaminants [46]. This indicates that the utilization of biochar for
remediation of contaminated soils may not be suitable for all types of contaminated
soil and thus case-specific assessments are generally required.

To explore the potential of using biochar for remediating contaminated soils with
PAHs, heavy metals and metal(loid)s in Sweden, the research project “Biochar-RE:
Source” was carried out between 2018 and 2020 [53]. The purpose of the project was
to test and assess a new technique for remediation of contaminated soils excavated in
urban areas, which is based on biochar made from urban wood waste. As part of the
research, different biochar systems that use pyrolysis were designed and their envi-
ronmental performance was assessed and compared to that of the “dig and dump”
technique, which is the prevailing method for handling contaminated sites in Sweden
[54]. The assessment of these systems is described by Papageorgiou et al. [55]. The
following sections of this chapter (4.1 and 4.2) describe these systems and provide an
overview of the methodological approach followed for the assessment and a summary
of the results of the assessment. For more details see Papageorgiou et al. [55].

4.1 Systems description

Figure 1 depicts three different systems for the management of urban wood
waste and contaminated soil. System 1 (S1) depicts how these two waste streams are
currently managed in the urban area of Helsingborg in southern Sweden, which was
the case study area for the research project. Systems 2 and 3 (S2 and S3) depict two
alternative options for managing wood waste and contaminated soil based on biochar
systems. More details for each system are provided below.

* S1: “Dig and dump”. In S1, contaminated soil with PAHs and metal(loid)s is
excavated from various sites in Helsingborg and the excavated sites are backfilled
with virgin material (gravel). The excavated soil is transported to the local waste
management (WM) facility, where it is landfilled. Moreover, garden waste from
the urban area is transported to the WM facility and is sorted, via shredding and
sieving, into wood waste and green waste (mostly leaves and soil). The sorted
waste is then transported to an incineration facility, where it is combusted for
district heating. The green waste is processed through windrow composting.

* S2: Off-site remediation with biochar. In S2, the collected wood waste is first dried
and processed into woodchips and then converted via pyrolysis (slow) into
biochar and syngas. The syngas is combusted, and the generated heat is partly
used for district heating and partly for drying the wood waste before pyrolysis.

Backfill material On-site
Backfill material remediation

Excavation -

o, Contaminated ~

[ WM Facility SoN o= Contaminated
- soil

Wood
waste [ Shredding
* -nmnung}"“’“‘[ Storage H Landfill ] weste

Green waste

1

Wood gy

Compos ‘waste l = R -
i

Heat to district Remédiated

- heating soil for reuse 1

Bottom ash to  Heat to district Heat to district heating
landifitl heating Compost

$1: “Dig and dump’ $2: Off-site remediation with biochar §3: On-site remediation with biochar

Figure 1.
The three studied systems for the management of wood waste and contaminated soil.
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The biochar is mixed with contaminated soil (6% biochar, 94% soil, weight-
to-weight), which is transported to the WM facility from excavation sites in
Helsingborg. It is assumed that the excavated soil is transported for treatment
to the facility due to technical or/and legislative restrictions that do not allow its
mixing with biochar on-site and its direct reuse for backfilling. Instead, virgin
soil (gravel) is used to backfill the excavated sites and the biochar-soil mix is
reused in other applications (e.g., for noise barrier construction).

* S3: On-site remediation with biochar. The main difference between S3 and S2 is
that the produced biochar is transported to the excavation sites and there it is
mixed with the contaminated soil (6% biochar, 94% soil). The biochar-soil mix
is then reused on-site for backfilling.

4.2 Environmental performance
4.2.1 Methods

The environmental performance of the three above-described systems was
assessed by combining three Industrial Ecology tools, that is, Material and Energy
Flow Analysis (MEFA), Substance Flow Analysis (SFA), and Life Cycle Assessment
(LCA).

The goal of the MEFA was to map and quantify material and energy flows in the
three systems in order to provide an understanding of the functioning of the systems
and create the quantitative basis for the application of the LCA. The system boundaries
of the MEFA included all processes for managing the contaminated soil (e.g., excava-
tion and mixing) and wood waste (e.g., incineration and pyrolysis) and transportation
between processes. However, they did not include the composting of the green waste,
as the focus of the assessment was on the sorted wood waste, and the leaching of
PAHs and metal(loid)s from the landfilled contaminated soil (S1) or the reused soil
(S2 & S3), as it was studied through an SFA. The time boundary of the assessment
was annual. The estimation of the material and energy flows was done by combining
primary data and data from the literature.

The LCA was a comparative process-based LCA and its goal was to assess the life
cycle environmental impacts of the studied systems. The system boundaries of the
LCA were the same as those of the MEFA. They also included upstream impacts from
the supply of backfill material, downstream impacts from the disposal of wood waste
incineration ash, and impacts from capital goods (e.g., machinery). The functional unit
was set as “1 year of operation of the pyrolysis plant (0.8 t/h dry wood, 1250 t/year
biochar).” This functional unit is equivalent to the treatment of 5,650 t wood waste for
district heating and remediation of 12,240 m® contaminated soil with biochar. To
handle allocation issues and keep the functional unit constant the system expansion
approach was followed. The modeling of the Life Cycle Inventory (LCI) was carried
out using the LCA software Brightway2 [56] based on the Ecoinvent database (version
3.6 — cut-off) [57]. For the Life Cycle Impact Assessment (LCIA), the ILCD 2.0 impact
assessment method [58] was used. From the 15 impact categories, the toxicity-related
impact categories carcinogenic effects, non-carcinogenic effects, and freshwater eco-
toxicity were not included, as the fate of the contaminants in the soil was investigated
separately through an SFA.

The SFA was conducted to map and quantify the flows of the contaminants
(PAHs and metal(loid)s) in the landfilled contaminated soil and the remediated soil.
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The analysis was carried out taking a life cycle perspective, as the system boundaries
included flows from all the processes included in the LCA. In addition, they included
leaching of the contaminants from the soils, which was excluded from the MEFA and
LCA. The amounts of contaminants leaching from the soils were calculated within
a100-year timeframe, using data from leaching experiments that were performed

in the context of the “Biochar-RE: Source” research project and assuming a certain
degree of water infiltration in the soils.

4.2.2 Results

The main results from the application of the MEFA are summarized in Table 1. The
analysis revealed that on-site remediation with biochar (S3) can deliver significant fuel
(diesel and biodiesel) savings, as it involves less transportation of materials than the
“dig and dump” system (S1) and off-site remediation (S2). Moreover, on-site remedia-
tion minimizes the use of virgin material (gravel) for backfilling, as the remediated
soil is directly reused on-site. By contrast, in S1 and S2, virgin material is required for
backfilling. In addition, the analysis indicated that the pyrolysis of wood waste can
supply less heat to the district heating network than incineration and that a consider-
able amount of auxiliary electricity is needed for the operation of the pyrolysis plant.

Table 2 presents the results of the LCA for the three systems and Figure 2 shows
the environmental impacts of S2 and S3, normalized to S1 (S1 = 100%), as well as
the contribution of each process. Overall, biochar systems (S2 & S3) perform better
than the “dig and dump” system (S1) in 10 out of 12 environmental impact categories.
When comparing off-site (S2) and on-site remediation (S3), the former has lower
environmental impacts in all impact categories. The main reason is that S3 entails less
transportation of materials and saves virgin soil. Notably, both biochar systems have
negative scores for climate change, as carbon sequestration in the biochar is 2.3 and
4.5 times higher than direct greenhouse gas emissions in S2 and S3, respectively. The
biochar systems S2 and S3 had more impacts than S1 only in the impact categories
Ionizing radiation and Fossils. The principal cause is the increased consumption of
electricity for the operation of the pyrolysis plant, as a significant share of electricity
in Sweden is from nuclear power, which is associated with these two impacts.

Material and energy flows S1 S2 S3
Wood waste (t) 5,650 5,650 5,650
Contaminated soil (t) 19,580 19,580 19,580
Biochar produced (t) — 1,250 1,250
Fossil fuels (diesel) used (t) 84.1 131 5,9
Biofuels (biodiesel) used (t) 90.3 15,8 131
Virgin material (gravel) used (t) 19,580 19,580 —
Landfilled contaminated soil (t) 19,580 — —
Reused remediated soil (t) — 19,580 19,580
District heating supply (TJ) 58.2 36 36
Electricity consumed (TJ) — 14.2 14.2

Data source: Papageorgiou et al. [55].

Table 1.
Main material and energy flows of the three systems.

8



The Role of Biochar Systems in the Circular Economy: Biomass Waste Valorization and Soil...
DOI: http://dx.doi.org/10.5772/intechopen.104389

Impact categories S1 S2 S3
Climate change (10° kg CO,-eq) 1.01 -2.02 -231
Freshwater and terrestrial acidification (10> mol H+-eq) 25.35 72 5.96
Freshwater eutrophication (kg P-eq) 53.49 39.85 36.63
Marine eutrophication (10° kg N-eq) 13.76 2.78 2.34
Terrestrial eutrophication (10° kg N-eq) 124.96 2784 2371
Tonizing radiation (10° kg U235-eq) 169.42 781.07 763.55
Ozone layer depletion (kg CFC-11) 0.19 0.18 0.12
Photochemical ozone creation (10> kg NMVOC) 26.63 6.67 5.54
Respiratory effects, inorganics (Disease incidences) 0.27 0.09 0.07
Fossils (TJ) 1746 304 26.13
Land use (10° points) 115.64 24.46 17.73
Minerals and metals (kg Sb-eq) 44.18 18.45 11.29

The negative scores for Climate change mean that the uptake of greenhouse gases is larger than direct emissions to the
atmosphere (Data source: Papageorgiou et al. [55]).

Table 2.
Life cycle environmental impacts of the three systems.

Moreover, transportation and the incineration of wood waste are the most significant
contributors in almost all impact categories for S1 (c.f., Figure 2). For the biochar systems
S2 and S3, pyrolysis of wood waste and heat substitution are significant contributors. Heat
substitution represents the additional heat that needs to be generated to compensate for the
reduced heat production in S2 and S3, as pyrolysis produces less energy than incineration
because a large share of the initial energy content in the biomass remains in the biochar.
For S2, transportation is another significant contributor, as off-site remediation requires
transportation of large quantities of materials, for example, virgin soil for backfilling.
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Figure 2.

Life cycle environmental impacts of the biochar systems (S2 and S3), normalized to the “dig and dump” system
(S1) (S1 = 100%) with process contributions (Data source: Papageorgiou et al. [55] ).
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The results of the SFA for PAHs are summarized in Table 3. The analysis showed
that for all PAHs, except benzo(a)pyrene, the leached amounts from the contaminated
soil and the biochar-remediated soil are significantly higher than their life cycle emis-
sions from the other processes of the systems. However, the leached amounts of PAHs
constitute only a small part of their initial content in the soils. The analysis showed
that remediation with biochar can stabilize PAHs in the soil, as less than 0.1% of the
initial content of these contaminants in the soil will leach out within a 100-year period.

For the metal(loid)s the results of the SFA are presented in Table 4. Contrary to
PAHs, the leached amounts of most metal(loid)s from the landfilled or remediated
soil are lower than their life cycle emissions. The only exceptions are Mo and Ba.
Moreover, the analysis showed that less than 0.8% of the initial content of metal(loid)
s in the contaminated soil leaches out, except for Ba where 1.1% leaches out in S2
and S3, and Mo where 4.7% and 25% of the initial content leaches out in S1, S2, and
S3, respectively. Furthermore, the SFA indicated that the application of biochar can
reduce the leaching of Cu, Zn, Ni, and Hg, while it does not have the same positive

PAHs Life cycle emissions, without Initial Amount Amount
emissions from disposal of amount in the released from released from
contaminated soil or reuse of contaminated the disposed the reused
biochar-remediated soil (kg) soil (kg) contaminated remediated
soil (kg) soil (kg)
S1 S2 S3 S1 S2&S3
Naphthalene 1.0E-04 32E-05 2.1E-05 2.9E+01 94E-02 14E-02
Acenaphthylene 1.9E-05 6.0E-06 3.5E-06 1.6E+01 1.9E-02 5.5E-03
Acenaphthene 16E-04  88E-05 44E-05 1.4E+00 1.6E-02 9.3E-04
Fluorene 6.9E-05 33E-05 2.1E-05 4.3E+00 3.5E-02 6.6E-04
Phenanthrene 1.7E-04 8.0E-05 5.1E-05 7.0E+01 2.5E-01 4.1E-03
Anthracene 76E-06 42E-06 2.6E-06 2.7E+01 8.7E-02 54E-04
Pyrene 1.1E-04 64E-05 4.0E-05 2.5E+02 5.7E-01 5.8E-03
fluoranthene 1.5E-04 8.5E-05 5.3E-05 1.9E+02 71E-01 6.0E-03
Chrysene 2.8E-07 55E-08 4.2E-08 1.3E+02 1.6E-01 9.9E-04
Benz[a]- 1.9E-07 64E-08 4.6E-08 1.5E+02 1.7E-01 1.0E-03
anthracene
Benzo[k]- 1.1E-07 37E-08 2.7E-08 71E+01 2.1E-02 2.5E-04
fluoranthene
Benzo[b]- 1.5E-07 52E-08 3.7E-08 1.1E+02 4.7E-02 6.5E-04
fluoranthene
Benzol[a]-pyrene 1.6E-01 86E-02 77E-02 9.6E+01 49E-02 6.5E-04
Benzo[ghi]- 3.1E-08 6.7E-09  5.1E-09 75E+01 3.5E-02 1.1E-03
perylene
Dibenz[ah]- 4.0E-08 2.0E-08 14E-08 1.8E+01 1.1E-02 3.0E-04
anthracene
Indeno(1,2,3-cd]- 3.1E-08 1.2E-08 8.6E-09 94E+01 3.0E-02 8.4E-04
pyrene

Data source: Papageorgiou et al. [55].

Table 3.
Results of the SFA for PAHs.
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Metal(loid)s Life cycle emissions, Initial Amount released Amount released
without emissions from amountinthe  from the disposed from the reused
disposal of contaminated contaminated contaminated soil amended soil (kg)

soils (kg) soil (kg) (kg)
S1 S2 S3 S1 S2&S3

As, Arsenic 2.5 8.1 79 144.9 0.3 1

Ba, Barium 61.8 75.7 64.6 5180.3 13.0 68.2

Cd, Cadmium 1.8 23 22 73 0.05 0.1

Cr, Chromium 74.3 3875 386.7 285.2 0.3 23

Co, Cobalt 293.6 1629.7 1625.3 90.8 0.3 0.6

Cu, Copper 3574 768.1 7491 41326 12.8 2.7

Pb, Lead 119.8 1514 1371 8265.3 01 0.5

Hg, Mercury 0.2 04 04 291 0.002 0.001

Mo, 36 7.0 6.3 36.7 17 9.3

Molybdenum

Ni, Nickel 41.9 396 37.0 232.8 14 0.8

V, Vanadium 6.3 5.5 47 372.5 0.3 13

Zn, Zinc 2504 326.7 306.1 72758 276 20.7

Data source: Papageorgiou et al. [55].

Table 4.
Results of the SFA for metal (loid)s.

effects for the other metal(loid)s. A sensitivity analysis showed that the results for
metal(loid)s were sensitive to the assumed degree of water infiltration in the soils,
contrary to the results for PAHs, which showed low sensitivity.

Overall, the SFA showed that the treatment of contaminated soils with biochar is
effective for stabilizing PAHs. For metal(loid)s, however, the results of the SFA were
more varied and sensitive to modeling assumptions. Therefore, further investigation
is required to evaluate the effectiveness of this technique for remediating contami-
nated soils with metal(loid)s and identify and assess potential ecological and human
health risks associated with it.

5. The role of biochar systems in the circular economy

To explore the role of biochar systems in the CE, the definition of the CE by
Kirchherr et al. [5] (see Section 2) is used as a conceptual basis. More specifically, it is
examined how the studied biochar systems can satisfy key elements of the definition.

The definition has an explicit reference to the 4Rs (Reduce-Reuse-Recycle-
Recover) principle highlighting that, in the CE, a top priority is given on reducing
the use of materials, and then on reuse, recycling, and recovery. On-site remedia-
tion with biochar (S3) can contribute to both reduction and reuse of materials,
as the remediated soil can be reused on-site preventing the use of virgin soil for
backfilling. Moreover, on-site remediation can generate significant fuel savings, as
it involves less transportation compared to off-site remediation (S2) and landfilling
of contaminated soil with the incineration of wood waste (S1). Off-site remediation
cannot offer the same benefits as on-site remediation, as the remediated soil is not
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used on-site for backfilling. Nonetheless, the remediated soil can be reused in other
applications (e.g., construction of noise barriers), preventing the use of virgin soil
for these applications. In addition, both off-site and on-site remediation recover
energy from the sorted wood waste and at the same time prevent the landfilling of
the contaminated soil. Hence, it is evident that both biochar systems, especially S3,
contribute to fulfilling the 4Rs principle of the CE.

The definition also indicates that a multi-level implementation of the CE model
at the micro, meso and macro level is required for the transition to the CE. The
versatility of biochar systems offers opportunities for the operationalization of the CE
model at different system levels. The studied systems in this chapter demonstrate how
biochar systems could form the basis of circular models for valorizing different waste
streams in urban areas (macro level). Nonetheless, similar systems based on pyrolysis
of biomass waste or other biomass feedstocks could also be developed in symbiosis
with other industrial facilities in eco-industrial parks (meso level). For example,
biomass waste (e.g., from a paper or pulp mill) could be pyrolyzed to supply heat and/
or electricity for industrial processes within the eco-industrial park, while the pro-
duced biochar could be used as a resource for the manufacture of other materials, such
as concrete, steel or activated carbon (see Section 3). In addition, biochar systems offer
circular economy pathways at the micro level. It has been reported that decentralized
biochar systems using agro-industrial wastes could be deployed in farms and small and
medium enterprise (SME) activities to generate bioenergy and produce biochar that
can be used as amendment of agricultural soils [12] or feed supplements for poultry or
ruminants [45]. For example, a pyrolysis-biochar system could be integrated into an
olive—grove farm in symbiosis with an olive mill, where residues from the olive grove
and oil extraction are used as feedstock for the pyrolysis to produce heat and power for
olive milling operations and biochar for amending the soil in the olive grove [37].

Moreover, according to the definition, the ultimate goal of operationalizing the
CE model at different levels is to achieve sustainable development. One aspect of this
goal is the creation of environmental quality. The assessment of the environmental
performance of the biochar systems described in this chapter highlighted that these
systems have great potential to improve environmental quality. First, they can
contribute substantially to climate change mitigation through carbon sequestration in
the biochar. Moreover, when compared to the conventional “dig and dump” system,
the biochar system for on-site remediation can provide additional greenhouse gas
emission savings, as it delivers fuel and virgin material savings. Apart from contrib-
uting to climate change mitigation, the assessed biochar systems can also provide
additional environmental benefits, as they perform better than the “dig and dump”
system in 10 out of 12 analyzed impact categories (see Section 4.2.2). However, there
are also trade—offs associated with these systems, as they cause more impacts in the
impact categories of ionizing radiation and fossils. The reason is that the technology
for pyrolysis of wood waste used in this specific case requires considerable amounts of
auxiliary electricity, which in Sweden is derived to a large extent from nuclear power,
which is associated with these environmental impacts. Furthermore, the efficacy of
biochar to stabilize certain metal(loid)s was not as high as for PAHs, and, in general,
the extent of potential ecological and human health risks from the reuse of the
remediated soil is still unknown.

To understand the role of biochar systems in CE it should be noted that CE, as
defined here, does not imply “re—circulation of everything.” One of the key benefits
of biochar is to remove carbon from the atmosphere, thus contributing to climate
change mitigation, by turning biomass into a stable material with a long lifetime in
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soils. Thus, the carbon cycle from atmospheric carbon dioxide to organic matter and
back to the atmosphere is not closed, but slowed down, fitting into the CE concept of
“slowing loops” [31].

Apart from environmental quality, other aspects of the desired goal to achieve
sustainable development are the creation of economic prosperity and social equity.
These aspects were not included in the scope of the above-described assessment,
as it was focused only on the environmental sustainability of the studied systems.
Nevertheless, it has been reported in the literature that biochar systems can generally
have positive economic effects, as they can create new revenue opportunities, cut
costs by reducing resource use and improving logistics, and create new business
opportunities [34, 37]. Moreover, they can deliver social benefits, as they can create
employment, promote food security through improved crop production from
enhanced soil productivity, and offer energy diversification and security of supply
[34, 37]. Moreover, the creation of new job opportunities and the associated increase
in income are important factors for poverty reduction, which can help in reducing
inequalities in society [59].

The above—-mentioned environmental, social, and economic benefits of biochar
systems are good indications that these systems have the potential to contribute
to achieving sustainable development, which is the ultimate goal of the CE.
Nevertheless, further research is required to identify and assess potential risks and
drawbacks with these systems. From an environmental perspective, it is essential to
investigate further various types of biochar systems to ascertain whether they could
create risks to environmental quality. For example, in the case of the studied biochar
systems, in this chapter, further research could be directed toward identifying and
assessing the magnitude of potential risks associated with the reuse of the remediate
soils within urban environments. From a social and economic perspective, further
research is needed to identify and assess potential socio-economic implications of
biochar systems, including those described in this chapter.

6. Conclusion

The CE has emerged as an alternative development model to the unsustainable
“take—make-waste” approach that characterizes the contemporary economic sys-
tems. The transition toward the CE requires the implementation of new innovative
technological solutions that can foster CE principles and help operationalize the CE
model at different system levels. One emerging technology that can have a role in the
transition toward the CE is biochar systems. These are multifunctional systems that
can be deployed for biowaste treatment, and bioenergy and biochar production. As the
produced biochar has versatile physicochemical properties, it can be used in various
applications. Perhaps, the most prominent application of biochar, is its incorporation
into soils, as it can contribute to climate change mitigation through carbon sequestra-
tion and at the same time amend the properties of soils. Overall, the multifunctional-
ity of biochar systems, in combination with the versatility of the produced biochar,
makes them suitable to function as a basis for developing circular models of waste
management.

This chapter describes two biochar systems that could be developed for valorizing
wood waste and contaminated soil in an urban area in Sweden. In the studied systems,
wood waste is converted via pyrolysis into syngas and biochar. The syngas is used
as the energy source for district heating supply. The produced biochar is applied to
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contaminated soil, either on-site or off-site, to sequester carbon and at the same time
to remediate the soil to enable its reuse and prevent its landfilling.

The environmental performance of the two biochar systems was assessed and
compared to the conventional “dig and dump” system, where the wood waste is
incinerated for energy recovery and the contaminated soil is disposed of in a landfill.
The assessment was carried out by combing LCA with MEFA and SFA. The MEFA
showed that the biochar system for on-site remediation could provide large fuel and
virgin soil savings, compared to the biochar system for off-site remediation and the
“dig and dump” system. The LCA revealed that the two biochar systems performed
better than the “dig and dump” system in 10 out of 12 analyzed impact categories. The
two biochar systems performed remarkably well in the climate change category, as
they can achieve net negative GHG emissions, because of carbon sequestration in the
biochar. Between the two biochar systems, on-site remediation with biochar performs
better than off-site in all impact categories, as the former provides fuel and virgin soil
savings. However, there are also trade—offs with the biochar systems, as the pyrolysis
of wood waste contributes to ionizing radiation and fossils depletion due to increased
consumption of auxiliary electricity. Moreover, the SFA showed that the efficacy of
biochar to stabilize certain metal(loid)s is not as good as for PAHs. Hence, the extent
of potential risks (e.g., ecological and human health) associated with the reuse of
biochar-remediated soils is still unknown.

Based on the findings from the assessment of the studied biochar systems and
using the definition of the CE by Kirchherr et al. [5] as a conceptual basis, it was
highlighted that these systems can have an important role in the transition toward the
CE. It was established that these systems, especially the one for on-site remediation,
fulfill the 4Rs principle of the CE. It was also suggested that the versatility of biochar
systems creates opportunities for operationalizing the CE model at different system
levels. Furthermore, based on the findings of the environmental assessment and find-
ings from the literature, it was inferred that the biochar systems have the potential
to provide environmental, social, and economic benefits and thus to contribute to
achieving sustainable development, the ultimate goal of the CE. Nevertheless, further
research is required to assess whether the reuse of the biochar-remediated soil creates
potential risks to ecosystem quality and human health. Moreover, further research
could assess potential social and economic implications from the development of
these systems.
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