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The industrial sector is responsible for an annual pro-
duction of approximately 400 million Mg (wet basis) of
pulp and paper mill sludge, and up to 125 million Mg of bio-
solids (Mohajerani et al. 2017; Berendes et al. 2018; Turner
et al. 2022). In 2020, the European Union (EU) produced
approximately 11 million Mg of industrial effluent sludge,
of which about 20% was classified as hazardous waste
(Eurostat, 2022).

Industrial sludges can be divided into two sub-catego-
ries; namely: (i) organic sludge with high carbon (C) content,
such as sludges from the food industry, paper manufactur-
ing industry, plants, petrochemical industry and municipal
wastewater treatment plants (e.g., where wastewater treat-
ment plants receive sludge from domestic and industrial
origin); and (ii) inorganic sludge, mainly from steelworks,
metallurgy, and galvanic processes.

The focus of the present column is on industrial organ-
ic sludges, which are mainly disposed of through landfill
without prior recovery of energy, carbon or nutrients. Op-
tions available for the treatment of organic sludge include:
(i) physical-thermal treatment (drying); (ii) biological treat-
ments (anaerobic digestion and composting); (iii) low-tem-
perature thermal treatments (hydrothermal carbonisation
and liquefaction), and (iv) high-temperature thermal treat-
ments (pyrolysis, gasification, and combustion). Following
appropriate treatment, and where regulations allow to do
so, industrial organic sludges can also be applied to land
as soil amendments (Paz-Ferreiro, et al. 2018). Other than
incineration, a range of technical solutions have been ex-
plored to recover energy and nutrients from these organ-
ic waste streams, but they tend to be limited to specific
conditions or are at the pilot or laboratory scale (Wang et
al. 2008). Land application of organic sludges is less ex-

pensive compared to other disposal options and it allows
closing the carbon and nutrient cycles, but it does not elim-
inate risks such as soil contamination (e.g., heavy metals,
microplastics, pathogens) and transfer of potentially toxic
elements to the food chain, and soil emissions of green-
house gasses following application. Whilst recycling to ag-
ricultural land brings about opportunities to improve soil
carbon and fertility, it misses opportunities for energy re-
covery and higher-value product applications.

Research and industry sectors need to work together to
devise strategies that enable implementation of manage-
ment practices for improved recovery of carbon, nutrients
and energy from organic sludges. Successful implemen-
tation of such practices will improve both socio-econom-
ic and environmental outcomes needed to meet the Sus-
tainable Development Goals (SDGs) by 2030 (e.g., SDG 2
Zero Hunger, SDG 7 Affordable and Clean Energy, SDG 12
Responsible Consumption and Production, SDG 13 Climate
Action, SDG 15 Life on Land). This is, therefore, necessary
toincrease current levels of resource recovery. This may be
achieved by speeding up the transition from linear to circu-
lar economy and bioeconomy while being able to observe,
and where needed modify, existing legislation and policy
(e.g., the EU Green Deal, 2020).

Among the emerging technologies, pyrolysis is regard-
ed as a promising option that could play a relevant role in
future management strategies. Pyrolysis is increasingly
considered for the treatment of sludges as it offers oppor-
tunities for: (i) the recovery of energy, (ii) the treatment of
emerging contaminants (e.g., PFAS), and (iii) the produc-
tion of biochar, which can be used as a soil amendment
to improve soil fertility and carbon sequestration through
Pyrogenic Carbon Capture and Storage (PyCCS) (Paz-Fer-
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reiro et al. 2018; Werner et al. 2022) or as biochar-function-
alized materials in other sectors. The risk of heavy metal
contamination in soils and their potential transfer to the
food chain may also be reduced following conversion to
biochar, which makes it safer for land application (Marchuk
etal., 2021).

Experts from the academic and industrial sectors con-
vened to discuss the state-of-the-art knowledge and appli-
cation of pyrolysis to industrial sewage sludge in a Special
Workshop during the 9th International Symposium on Ener-
gy from Biomass and Waste, held in Venice (Italy) between
the 21st and 23rd November 2022.

TABLE 1: SWOT analysis of the application of pyrolysis to industrial sewage sludges

Strengths (characteristics of the technologies that give it an advantage over
others)

Weaknesses (characteristics that place technology at a disadvantage
relative to others)

* Pyrolysis is attractive for its relative simplicity and suitability for ope-
ration at small and medium scales, which are more aligned with the
distributed nature of biomass resources, or with the size of industrial
plants that may require decentralized processes.

°  With proper tuning of operating conditions, pyrolytic processes can be
oriented towards production favouring the char or oil yield over gas.

° Pyrolysis products may have a higher energy content than the raw ma-
terial pyrolyzed (endothermic reaction).

* By-products such as bio-oil and syngas can be captured and used as
bioenergy, and/or the waste heat can be used to dry sludge prior to
pyrolysis, increasing process efficiency.

* Possible production of high value-added chemicals (when biochar and
bio-oil are not used for energy purposes). Other technologies (e.g., ga-
sification or combustion) have only one product (e.g., syngas or heat).

* Emerging contaminants such as PFOS and PFOA in biosolids can be
drastically reduced in pyrolysis (Kundu et al., 2021).

° When a contaminant is more likely to end up in a specific product (gas,
oil or char), pyrolysis concentrates that contaminant in that product
(e.g., chromium (Cr) in char). When contaminants are concentrated in
syngas, the concentration of the species is higher and the syngas vo-
lume is lower (than gasification or combustion, where O, is added): the
removal of such species can be done more easily.

* Due to the zero supply of oxygen, pyrolysis is carried out under strongly
reducing conditions, producing only reduced chemical species: some
reduced species may be less harmful than the corresponding fully oxi-
dized forms (this is the case of Cr, which mostly ends up in the char as
Cr Ill, instead of being oxidized to Cr VI). Typically, neither dioxins nor
furans are produced and, if initially present, they decompose thermally
into less harmful species.

* Working in absence of air, the flow rates of flue gas generated by the
pyrolytic process are significantly smaller than those generated by en-
gineered composting of sewage sludge (which operates under aerobic
conditions with an excess of air).

* The technology is flexible and can be integrated into different energy
systems, and potentially used to co-treat a range of organic waste stre-
ams.

* Pyrolysis can contribute to achieving carbon neutrality through PyCCS.
Biochar can represent a carbon sink (e.g., when used in soil, building
materials, and asphalt). In fact, the storage of carbon is successful in
the long term, i.e,, it is not released into the air as CO,. Therefore, in the
case of biogenic feedstock, it is removed from the atmosphere, achie-
ving a “negative emission” (Werner et al., 2022).

* In some countries and regions, pyrolysis has better public perception
and social license to operate than incineration and landfilling (Husek
etal., 2022).

* Process setup is complex (e.g., compared to biological treatment or
combustion).

* Little known technology: pyrolysis could be subjected to further techno-
logical development.

* By-products such as bio-oil, syngas and biochar are strongly dependent
on feedstock characteristics and operating conditions (temperature,
residence time), affecting their performance. Operating conditions
need to be co-designed with end-users in mind and potential trade-offs
assessed via a cost-benefit analysis (e.g., if a stable, high C biochar
for agricultural users is the main material, the production of a viable
amount of syngas or bio-oil may be affected).

* When the raw material contains contaminants, all products can be con-
taminated: Pyro-oil (and to a greater extent char), if contaminated, can
become hazardous waste, which requires special care for disposal. Like
all solids, char involves management/handling difficulties.

* Contaminant species can reach high concentrations in the syngas, ma-
king management difficult.

* Contaminated feedstocks can produce contaminated products and by-
products. For example, heavy metals are concentrated in the char.

* The need for specific treatment of gasses/liquids increases the com-
plexity and cost of the plant as well as operating costs.

* The oil may have characteristics that make it difficult to manage: e.g.,
unstable and time-varying chemical and physical properties; very high
viscosity or non-Newtonian behaviour, with residue. deposition.

* The technology is not well developed for sewage sludge in comparison
to other technologies (anaerobic digestion, combustion, etc.).

* The energy balance of the process is very dependent on feedstock cha-
racteristics. Very often it is not well known and “magic” numbers are
sometimes proposed without proper scrutiny.

* The operating conditions of high-temperature processes, such as
pyrolysis, usually pose safety issues while low-thermal processes, such
as hydrothermal carbonisation and liquefaction, do not present these
problems.

* Pyrolytic processes may involve the presence of streams at high tempe-
ratures, posing flammable, explosive, and toxic substances risks (e.g.,
syngas with oil vapours).

* Sealing problems to avoid air/gas leaks, which can lead to explosions;
while the need for zero O, import (to avoid process instability and to
obtain the desired product) could be difficult to guarantee.

* Pyrolysis is an endothermic process that typically needs an external
supply of heat. The use of by-product energy is often not enough to
sustain the process.

* Therequired heat transfer (to heat up the feedstock) can be problematic
and poses relevant challenges in the upscaling of the process.

Opportunities (elements in the environment that the technology could
exploit to its advantage)

Threats (elements in the environment that could cause trouble for the
technology)

* The application of industrial sludge in agriculture is limited by transport
costs, on-farm logistics and increasing regulation concerning chemical
concentration limits; while direct landfill disposal is increasingly beco-
ming unsustainable.

* The biochar market has been developing in recent years and is likely
to continue growing as interest in the application of biochar for carbon
sequestration through PyCCS increases.

* Disposing of sludges represents a cost for the company. Pyrolysing
sludges can produce residues that have high value (e.g., biochar);
technologies which can both treat sludges and obtain value-added pro-
ducts should be preferred.

* The potential of new materials or residues as a catalyst in the pyrolysis
process could enhance energy recovery.

* Organic Rankine Cycle (ORC) is a state-of-the-art technology that allows
for the efficient conversion of waste heat from pyrolysis into electricity.

* The stringent regulations on gas emissions could limit technology
adoption.

* Depending on feedstock characteristics and operating conditions, pro-
ducts and by-products can contain hazardous properties, possibly lea-
ding to their classification as hazardous wastes.

° There is a move towards regulating untreated or minimally treated
sludges, especially in terms of agricultural or land-based applications,
particularly due to emerging contaminants of concern (e.g., PFAS, mi-
croplastics, pharmaceutical products). The regulation of biochar-based
products appears to be less developed, and it is likely that guidelines
will be developed to anticipate and address these risks both during
pyrolysis and in the subsequent by-products.

* Policies regulating the implementation of thermal treatment processes
(including pyrolysis) vary between and within countries. A lack of har-
monization between waste, energy and emerging circular (bio)economy
policies can limit the adoption of pyrolysis.

* The capital costs of pyrolysis facilities with associated sludge dewa-
tering and flue gas treatment can present barriers in some countries.
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The most relevant considerations from this expert meet-
ing were synthesized in the form of a qualitative Strengths,
Weaknesses, Opportunities, and Threats (SWOT) analysis
(Table 1) where the process of pyrolysis was analyzed
and compared to the cited alternatives. The expert group
agreed that pyrolysis represents a promising solution for
the treatment of sludges.

Examples of commercial, successful implementation
of pyrolysis at full industrial scale are the following pro-
jects conducted in China:

< A7200 Mg (wet basis) per year pyrolysis project under-
taken in 2014 in Jilin Province to treat industrial sewage
sludge from the petrochemical industry. The sludge
had an oil content of approximately 5% (w/w), which re-
duced to less than 0.3% after thermal treatment allow-
ing the remaining residue to be used in the construction
industry (Figure 1).
A sludge pyrolysis disposal project in Shengli Oilfield,
Shandong Province undertaken in 2019. The sludge
used in this project had oil contents between 12% and
15% (w/w), and it was treated by chemical hot washing,
thermal pyrolysis and desorption technologies at a rate
of 80000 Mg (wet basis) per year (Figure 2).
A 15000 Mg (wet basis) per year chemical sludge pyroly-
sis project together with another 10000 Mg year industri-
al waste salt pyrolysis project conducted at the Shaoxing
Hazardous Waste Center (2022) in Zhejiang Province.
The rotary indirect heating pyrolysis technology used in
these projects can reduce the organic content of the res-
idue to less than 5% (w/w) allowing the entry criteria for
non-hazardous landfills to be met (Figure 3).

The expert group also anticipated that future expansion
and adoption of pyrolysis may face the following challenges:

There is currently limited knowledge of the energy effi-
ciency of pyrolysis technology in terms of specific tech-
nical configurations associated with feedstock chem-
ical composition, physical characteristics (moisture

content, particle size, ash content) and heating value of
the treated industrial sewage sludge.

The increasing market demand and market value of py-
rolysis by-products, particularly for biochar. There is an
increasing body of scientific literature supporting the
efficacy of biochar as a soil amendment and potential-
ly to achieve soil carbon sequestration through PyCCS
(Joseph et al. 2021). The potential for biochar and other
organic industrial by-product materials to support soil
carbon and soil fertility has also been acknowledged by
the updated regulations on fertilizers under the EU Cir-
cular Economy Action Plan (EU Regulation 2019/1009).
However, the effectiveness of biochar-based fertilizers
or amendments depends on a range of factors ranging
from feedstock characterisation, pyrolysis conditions
and the receiving soil-crop system. Therefore, a com-
bination of engineering, agronomic and soil science
research is needed to co-design the product from feed-
stock characterisation through to the pyrolytic process
and to potentially blend the biochar with other materi-
als or recycled products to create a viable agricultural
product. For biochars that are unable to be used in ag-
ricultural systems, the pyrolytic process should be de-
signed to exploit feedstock characteristics to produce
“biochar-functionalized materials”, which may be used
as substitutes for concrete materials, alternative adsor-
bents, catalysts and electrodes constituents for energy
storage tools.

In conclusion, pyrolysis technologies present major
opportunities to meet Sustainable Development Goals
across the energy-waste-carbon content nexus. While
the identified techno-economic weaknesses (e.g., safety,
cost-effectiveness and process efficiencies) and emerg-
ing socio-political threats (e.g., regulation, capital costs)
present challenges for technology adoption, these can be
addressed by developing strong partnerships between the
research and industry sectors to develop co-designed, tar-
geted solutions with multiple value-added product streams.

FIGURE 1: Jilin Petrochemical, Jilin Province, China (2014). Capacity: 7200 Mg per year (wet basis) industrial sewage sludge.
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FIGURE 3: Shaoxing Hazardous Waste Center, Zhejiang Province, China (2022). Capacity: 15000 Mg per year (wet basis) of chemical sludge.
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