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Abstract: One of the greatest challenges humankind currently faces is global warming, mainly caused
by greenhouse gas emissions. Here we have attempted to show how thermal conversion products,
specifically from the pyrolysis of biomass wastes such as sewage sludge, can be used effectively
and equivalently to sequester CO, in brownfield and degraded areas. Scenarios were devised that
showed the significant potential for CO, sequestration in the form of biochar from sewage sludge
deposited on degraded and brownfield areas. With the current amount of sludge production, such
sludge could even be used in its entirety as a raw material in pyrolysis processes, where, in addition
to the biochar, the heat necessary for drying the sludge could be generated and high-energy gas and
liquid fractions could be obtained, which could be used to produce alternative fuels. It is therefore
important to consider both the potential for CO, sequestration on degraded and brownfield sites and
the potential for sludge disposal in Europe as viable options for reducing greenhouse gas emissions
and promoting sustainable waste management practices.

Keywords: sewage sludge; char; CO, sequestration; degraded sites; brownfield sites

1. Introduction

The Industrial Revolution and subsequent development, marked by the proliferation
of industrialization and urbanization, have undeniably yielded numerous advantages to
the populace, contributing to the advancement of civilization. The expansion observed
in recent times has been accompanied by the significant influence of human activities
on natural surroundings, potentially leading to severe and enduring repercussions for
the Earth. The advent of industrialization during the 18th century and its expansion in
the following centuries resulted in numerous technological and scientific breakthroughs.
The industrial sector facilitated the advent of mass production and emerged as a pivotal
constituent of the worldwide economy; however, industry exerted a considerable influ-
ence on its natural surroundings. The emission of pollutants from heavy industry has
resulted in adverse effects on the quality of the air, soil, and water [1-4]. These effects are
persistent and will have long-lasting consequences. To mitigate the negative impact of
industrialization, various measures have been implemented, such as the development of
cleaner technologies and stricter regulations. It is crucial to continue exploring sustainable
practices that balance economic growth with environmental protection to ensure a healthy
planet for future generations.
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As technology has progressed, further knowledge has been gained about the harmful
effects of industry on the environment. There has been greater realization of the conse-
quences of human activities on the planet and increasing attempts to reduce the negative
impact of such activities on the environment. One of the biggest challenges humankind cur-
rently faces is global warming, mainly caused by greenhouse gas emissions, but an equally
significant challenge is land pollution, which has a significant and negative impact on the
loss of natural green areas and causes habitat degradation [5]. Unsustainable industrial
development and inadequate waste management lead to land degradation, with conse-
quent loss of biodiversity and increased threats to animal and plant populations. The loss
of green areas and natural habitats also has a negative impact on people’s quality of life, as
it reduces access to recreational spaces and increases the risk of health effects related to lack
of contact with nature. To address land pollution, we need to adopt sustainable practices
in industrial development and waste management, as well as promote the restoration of
degraded areas of land. Such measures will not only help preserve biodiversity and natural
habitats but also improve the well-being of communities by providing them with access to
green spaces and reducing the risk of health issues associated with urban living.

However, the development of civilization does not have to be associated and linked
exclusively with environmental degradation. Some developmental approaches allow for
sustainable urbanization and minimal negative impact on the environment. One such
approach is ecological urbanism, which involves designing and planning cities in such
a way as to minimize their environmental impact and, at the same time, increase energy
efficiency and reduce water consumption. Ecological urbanism is based on the concept of a
sustainable city that can meet the needs of its inhabitants while minimizing its impact on the
environment [6,7]. One measure that could likely meet the criteria of ecological urbanism
is the appropriate use of thermal conversion products from biomass and biomass-derived
materials, a method that, after some stagnation, is starting to increasingly gain adherents
and is expected to be used more widely in the future.

In this article, we have attempted to show how the products of thermal conversion,
specifically pyrolysis of biomass waste such as sewage sludge, can be used effectively
and in an equivalent way to sequester CO, in brownfield and degraded areas. The use of
thermal conversion products from biomass and biomass-derived materials not only helps
to reduce the carbon footprint of a city but also provides a method of waste management.
The implementation of this method in urban areas can contribute to the creation of more
sustainable and resilient cities. The application of biochar components for CO; capture is
an innovative solution which incorporates the novel application of carbonized materials
as a component of soil. Biochars are typically used for energy purposes; however, some
materials with a huge share of balance (ash and moisture) that cannot be used for this
purpose are still valuable as soil additives. Improvement of soil quality and reducing the
danger of apparent climate changes are significant issues that motivate current changes.

2. Sources of Soil Contamination

To tackle the issue of soil contamination, the EU has implemented various policies
and regulations to ensure proper waste management and reduce pollution. These in-
clude the Waste Framework Directive (2008/98/EC), the Landfill Directive (1999/31/EC),
and the Industrial Emissions Directive (2010/75/EU). Exposure to these contaminated
resources can lead to serious health problems such as cancer, neurological disorders, and
developmental delays in children [8,9]. It is important to implement measures to prevent
soil contamination and properly dispose of hazardous waste. Soil contamination poses
a serious threat to human health. Heavy metals found in industrial waste, among other
pollutants, have been linked to the contamination of food, animal feed, and water [1,10,11].
It is therefore important to take action to manage contaminated sites, determine the extent
of contamination, and implement measures that meet environmental standards according
to current legislation. In general, volume of emission and byproduct formation is correlated
with society’s enrichment and increasing purchasing power. As a result, the pollution
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problem in Europe (especially in the Western region) has worsened as the wealth of its
population has increased. The European Union (EU) generates three billion metric tons of
solid waste each year, of which experts estimate around 90 million metric tons is hazardous
waste. This translates to almost six metric tons of waste per person each year (Eurostat,
Environmental Data Centre on Waste [12]). Numerous industrial point sources, such as
active and inactive mines, foundries, and steel mills, as well as numerous diffuse sources,
such as pipelines, landfills, waste incineration, and traffic, are responsible for most heavy
metal pollution [2,13,14].

Depending on their properties, different pollutants have different impacts on human
health and ecosystems. The impact of a pollutant is proportional to its mobility, fat and wa-
ter solubility, bioavailability, carcinogenicity, and other properties. For example, pollutants
with high mobility can easily spread over large areas, while those with high fat solubility
can accumulate in the fatty tissues of living organisms. Understanding the properties of
pollutants is crucial for effective pollution management and prevention. Synthetic solvents
and pesticides rely heavily on chlorinated hydrocarbons (CHCs). They are bioaccumulative
environmental contaminants that have been detected in human tissue. The increased
incidence of lymphoma, leukemia, and liver and breast cancer in humans can be attributed
to exposure to these chemicals, according to epidemiological studies [15-17]. Therefore,
it is essential to regulate the use and disposal of DDT to minimize its adverse effects on
human health and the environment. Additionally, promoting the use of safer alternatives
and implementing proper waste management practices can help reduce the levels of these
pollutants in our surroundings. Partially volatile, chemically stable, and hydrophobic or-
ganic molecules called polycyclic aromatic hydrocarbons (PAHs) can be found throughout
the environment and serve as useful indicators of environmental pollution from human
activities in metropolitan areas [18-20].

A contaminant can be any species of metal (or metalloid) present in an undesirable
location or concentration that has an adverse effect on human health or the environment.
Lead (Pb), cadmium (Cd), mercury (Hg), arsenic (As), chromium (Cr), copper (Cu), se-
lenium (Se), nickel (Ni), silver (Ag), and zinc (Zn) are metals or metalloids. Aluminum
(Al), cesium (Cs), cobalt (Co), manganese (Mn), molybdenum (Mo), strontium (Sr), and
uranium (U) are other less common metallic contaminants [21-23]. These contaminants
can enter the environment through natural processes, such as the weathering of rocks
and volcanic activity, or human activities, such as mining, industrial processes, and the
improper disposal of waste. Exposure to these contaminants can lead to a range of health
problems, including neurological damage, cancer, and developmental delays [14-16].

Currently, priority should be given to the reduction and elimination of contaminants
on the basis of their toxicity, environmental persistence, mobility, and bioaccumulation,
as recommended by the World Health Organization [24]. Studies in humans and animals
living under high exposure conditions have shown that several heavy metals and persistent
organic pollutants, including cadmium (Cd), arsenic (As), chromium (Cr), nickel (Ni),
dioxins, and PAHs, are carcinogenic [24-26]. Depending on the dose and length of exposure,
many of these chemicals can also be harmful to the neurological system, liver, kidneys,
heart, lungs, skin, reproductive organs, and other target sites [17-19]. Therefore, it is crucial
to regulate and monitor the levels of these contaminants in air, water, soil, and food to
protect public health. Additionally, promoting sustainable practices and reducing the use
of hazardous chemicals can prevent further contamination of the environment.

With advances in technology and environmental awareness, pollution sources have
begun to be monitored, enabling the creation of databases to track the state of the environ-
ment in a given area. Such initiatives include the European Environment Information and
Observation Network (EIONET) [27], the European Soil Data Centre (ESDAC) [28], the
LUCAS Topsoil Survey of the European Union [29], and the pan-European SOC stock of
agricultural soils [30-32]. Using the available data from these databases, it was possible
to estimate the area of degraded land located in Europe and the European Union. This
information is crucial for policymakers to make informed decisions about land use and
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environmental policies. It also highlights the need for continued monitoring and efforts to
reduce pollution and protect the environment.

3. Degraded and Brownfield Sites in Europe

The large number of brownfield sites in Europe highlights the need for further investi-
gation and remediation of these potentially contaminated sites to ensure the protection of
human health and the environment. It also emphasizes the importance of implementing
effective soil management practices to prevent future contamination. Based on the available
data from the previously mentioned databases and the literature, it is possible to estimate
that approximately 170,000 potentially contaminated sites have been identified in Europe
and the European Union, i.e., sites where unacceptable soil contamination is suspected but
not verified by detailed investigations. Approximately 10% of the above-defined sites, i.e.,
about 127,000, have been defined as contaminated sites [33], i.e., sites with a confirmed
presence of soil contamination, which pose a potential risk to humans, water, ecosystems, or
other receptors. According to literature reports [33], the areas that exceeded the threshold
for at least one element (heavy metal) totaled 1,091,013 km?; at least two elements totaled
95,372 km?; at least three elements totaled 27,036 km?; and at least four elements totaled
6205 km?. Therefore, it is imperative to conduct further investigations and assessments
to determine the extent of contamination in these areas and prioritize remediation efforts
based on the level of risk posed to human health and the environment. Additionally, it is
essential to establish effective monitoring systems to prevent future contamination and
ensure the sustainability of natural resources.

Despite data from European institutions, estimating the total amount of degraded
and brownfield land in Europe remains a difficult challenge. According to a 2019 study by
the European Environment Agency [34], degraded land covers approximately 45,000 km?
of Europe and the European Union. This difficulty is due to the lack of a common defi-
nition of and methodology for identifying and assessing degraded and brownfield land.
Nevertheless, addressing this issue is crucial for promoting sustainable land use and achiev-
ing environmental goals in Europe. In the abovementioned study, land degradation was
defined as the deterioration of soil, water, or ecosystem quality caused by either human
activities or natural disasters. In contrast, according to the European Commission’s 2020
report on sustainable transformation and recovery, it was estimated that brownfield sites
cover about 25,000 km? across Europe [34-37]. The report also highlighted the importance
of reusing brownfield sites to prevent urban sprawl and protect natural habitats. There-
fore, a common approach for identifying and assessing degraded and brownfield land is
necessary to ensure sustainable land use and achieve environmental objectives in Europe.

Brownfield land comprises areas that were once used for industrial purposes but
are currently undeveloped due to pollution and safety concerns. Due to the omission of
brownfield and decaying regions in non-EU countries and in some parts of the EU where
reliable data are limited, these data may be underestimated. During the literature review,
estimated quantitative data on brownfield sites were collated, which are summarized in
the map below (Figure 1) [35-37]. These figures agree with the information contained in
the European Commission’s 2020 report, which, as previously mentioned, estimated that
brownfield sites cover around 25,000 km? across Europe [34].
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Figure 1. Map of Europe with the area of brownfield sites in km? according to the available litera-
ture [35-37] (gray—no data available).

4. The Prospect of Using Biomass Waste in CO, Sequestration on Degraded and
Brownfield Sites

The possibility of using biochar derived from biomass and biomass-derived materials
as an excellent additive to soils, especially those that are barren, eroded, or have a low
organic carbon content, has been recognized for many years. Biochars can be obtained
from different kinds of biomass materials, and its quality and milling degree determines
its further transformation during the pyrolysis process. Some biochars, such as hazardous
sludge, are specific and require the application of additional protection tools. Unfortunately,
not all biochars can be widely used, mainly due to their physicochemical characteristics
and the legal regulations regarding the volume of heavy metals that can be introduced
into soil through fertilizers, which have been discussed in previous studies [34]. Therefore,
there is a need to further explore and develop suitable biochars that can be used as soil
additives without negatively impacting the environment or human health. This can be
achieved by identifying and optimizing the most promising candidates for widespread use
in agriculture through extensive research and development.

In addition, the possibility for subsequent use of biomass biochar is influenced by
the technology by which it is obtained. For example, rapid pyrolysis of biomass, which
is optimized to maximize the number of hydrocarbon products in the form of bio-oil,
produces biochar with a low pH [38], which may limit its direct use as a soil additive,
particularly in the case of acidic soils. At the same time, however, it should be noted that
the low pH of biochar can be an important factor for the immobilization of metals such
as copper (Cu) [39]. Therefore, it is important to consider the specific soil conditions and
the intended use of biomass biochar when selecting the most suitable technology for its
production. Additionally, further research is needed to determine the long-term effects of
using biochar as a soil amendment on crop yields and soil health.

Another important aspect of biomass biochars is their adsorption properties for pol-
lutants such as PAHs [40,41]. In their study, they showed a high biochar-soil sorption
efficiency for phenanthrene of more than 99.0% for biochar obtained at 300 and 400 °C,
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with a biochar-soil content of 5.0%. However, it should be remembered that PAHs are also
produced during pyrolysis and thus are present in the produced biochar. Studies [42] have
found that biochars produced at temperatures above 700 °C have higher PAH content,
making them dangerous due to their carcinogenic and mutagenic properties. Biochars
obtained at lower temperatures of 350-600 °C are characterized by significantly lower
PAH content [43]. In addition, it is important to note that the presence of PAHs in biochar
can also affect its effectiveness as a soil amendment, as PAHs can negatively impact soil
microbial activity and nutrient cycling. Therefore, it is crucial to carefully consider the
production methods and quality of biochar before using it for agricultural purposes. In
the future, care must be taken to ensure that biochar that is produced as a soil and crop
improvement material and will come into contact with food is specifically produced at low
temperatures [43].

Such relatively low-temperature conditions may not always be achievable. Such an
example is the thermal treatment of sewage sludge that already contains a high PAH
content in its composition, which disqualifies its wider use. However, by processing such
sludge using pyrolysis methods at temperatures as high as 700-800 °C, it is possible to
remove PAHs very effectively with an efficiency of up to almost 100% [44]. The processing
of sewage sludge by thermal conversion methods with the subsequent possibility of using
the resulting biochar for CO, sequestration becomes particularly important in the context of
annual sludge production in Europe. Therefore, pyrolysis methods can be viable processes
for the treatment of sewage sludge and can lead to the production of a useful product.
Additionally, this method can contribute to reducing the carbon footprint of wastewater
treatment plants by sequestering CO, in the resulting biochar.

According to EUROSTAT (sewage sludge production and disposal) data [44], sludge
production in Europe varies quite considerably from country to country. In 2018, Germany
produced the highest amount of sludge, approximately 1.7 million metric tons, and France
produced approximately 1.2 million metric tons. The total amount of sludge produced in
Europe in 2018 was approximately 6.4 million metric tons. Below (Figure 2) are the current
uses of sewage sludge according to EUROSTAT data [44]. Most sewage sludge is processed
by incineration or used in agriculture, but unfortunately, around 520,000 metric tons are
still landfilled. This may be due to its high PAH or heavy metal content, which prevents its
use, for example, in agriculture. Processing the sludge using pyrolysis methods to produce
biochar, which could provide material for CO, sequestration in degraded and brownfield
areas, is another possibility for solving the problem of its storage.

Agricultural use: 2,063.73-10° Mg

Compost and other applications: 713.93-10° Mg I

= . e
Sludge production: 6390.84'103 Mg Sludge disposal: 6209.17-10° Mg Landfill: 519.28-10° Mg I

Incineration: 2255.58-10° Mg

Differences: 182.11-10'Mg =

Other: 656.6510° Mg ||

Figure 2. A Sankey diagram of sewage sludge production and management in Europe in 2018 (data
from [44]).
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To determine in a broader context the amount of biochar that could be used to sequester
CO;, in degraded soils, the overall carbon sequestration potential of soils in Europe, referred
to as soil organic carbon (SOC), was checked. According to the available data, the soil
carbon sequestration potential in Europe varies between 0.4 and 0.8 t C ha~! yr~! [30].

Considering existing technologies for the thermal conversion of sewage sludge,
125 kg /h of char, 80 kg/h of process water, 30 kg /h of raw bio-oil, and 65 kg/h of gas can
be obtained from 300 kg/h of sewage sludge (with a moisture content of approximately
10%) [45]. The biochar obtained, which represents almost 42% of the total sludge mass,
has a carbon content of 34.4%, which is equivalent to 1261.3 kg CO, per Mg of biochar.
Considering the area of degraded (45,000 km?) and brownfield land (25,000 km?) and the
potential for soil carbon sequestration across Europe ranging from 0.4 to 0.8 t Cha~! yr—1,
it is possible to determine the prospective amount of sequestered CO; on these sites.

Four scenarios were assumed:

1.  Sequestration will only be carried out on brownfield sites (25,000 km?), with the
lowest assumed soil carbon sequestration potential of 0.4 t C ha~! yr~1.

2. Sequestration will be pursued on both brownfield and degraded land (45,000 km?),
with the lowest assumed soil carbon sequestration potential of 0.4 t C ha=! yr—1.

3. Sequestration will only occur on brownfield sites (25,000 km?), with the highest
assumed soil carbon sequestration potential of 0.8 t C ha=! yr—1.

4. Sequestration will take place on both brownfield and degraded land (45,000 km?),
with the highest assumed soil carbon sequestration potential of 0.8 t C ha~! yr—1.

In addition, due to other possible remediation pathways for both degraded and
brownfield sites, an increase in the area available for sequestration from 5% of the assumed
area in the scenarios to 40% of the assumed area in the scenarios in 2055 was assumed for
each of the above scenarios.

The results showing the potential for CO, sequestration on degraded and brownfield
land under the assumed scenarios were compared with the potential to produce biochar
from the sewage sludge generated annually in Europe (Figure 3). As can be seen (red
dotted line), Europe has a large potential for the utilization of sewage sludge, which could
even be used in its entirety as a feedstock in pyrolysis processes, where, in addition to the
biochar, the heat necessary for drying the sludge could be generated, and high-energy gas
and liquid fractions could be produced, which could in turn be used to produce alternative
fuels. Therefore, it is important to consider both the potential for CO, sequestration on
degraded and brownfield land and the potential for utilization of sewage sludge in Europe
as viable options for reducing greenhouse gas emissions and promoting sustainable waste
management practices. These findings highlight the importance of exploring multiple
pathways toward achieving climate change mitigation and sustainability goals.

90.00
Scenario 4

80.00 30.00

70.00
25.00
60.00

Scenario 2/ 20:00

50.00

« Scenario 3

40.00 15.00

Million tonnes of CO,

30.00
. 10.00

Scenario 1

20.00

Milione tones of sewage sludge/yer

5.00
10.00

2020 2025 2030 2035 2040 2045 2050 2055 2060

Figure 3. Possible levels of CO, sequestration in the form of sludge char on degraded and brownfield
sites, depending on the scenario.
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5. Conclusions

Biochars derived from biomass and biomass materials have long been acknowledged
as excellent soil additives, particularly in barren and eroded soils with low organic carbon
content. Biochar has a number of characteristics that make it an effective soil amendment.
First, it has a large surface area and a porous structure, which allows it to absorb and
retain water, nutrients, and other beneficial soil substances. This improves soil fertility and
reduces nutrient loss due to leaching. Second, biochar is a stable form of carbon that can
aid in carbon sequestration in soil. This can help to mitigate climate change by lowering
carbon dioxide levels in the atmosphere. Third, by increasing soil porosity and decreasing
compaction, biochar can improve soil structure. This can help with water infiltration,
drainage, root growth, and nutrient uptake.

The current climate changes, soil deterioration, and still-significant CO, emissions
indicate challenges for possible CO, capture through sequestration. Soils enriched by
biochar additives are therefore a valuable tool in environmental protection.

However, owing to the conditions under which it was produced or the material from
which it was made, not all biochar may be suitable for such use. This is due to the spec-
ifications that biochar must satisfy to be used as a valuable and biodegradable additive,
for example, in applications such as agriculture (low levels of heavy metals and PAHs).
To examine the potential uses of biomass-derived wastes such as sewage sludge in CO,
sequestration, the introduction of biochar produced from their pyrolysis into degraded
and post-industrial areas was investigated. To this end, the overall carbon sequestration
potential of soils in Europe was investigated, and four scenarios were proposed, demon-
strating that even with 40% utilization of the available degraded and post-industrial land
(10,000 km?), it would be possible to sequester (capture) between 23 and 84 million metric
tons of CO; in the form of biochar from sewage sludge by 2055; sewage sludge generated
in Europe could be used as the sole feedstock for pyrolysis and carbon production for CO,
sequestration on such sites by this date.

As a result, both the potential for CO, sequestration on degraded and post-industrial
sites, as well as the potential for sludge disposal in Europe, must be considered as feasible
options for reducing GHG emissions and promoting sustainable waste management prac-
tices. This research emphasizes the potential of using sewage sludge biochar to sequester
carbon in degraded and post-industrial sites. It also emphasizes the significance of reducing
greenhouse gas emissions by considering both the possibility for CO, sequestration and
sustainable waste management practices.
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