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Executive Summary

In this position paper, scientific evidence and commercial information are provided to support the inclusion of biochar
produced from sewage sludge in the scope of the EU Fertilising Products Regulation (FPR) 2019/1009". The evidence
presented is intended to support the ongoing EU “Technical Study to Support the Inclusion of New Materials and
Microorganisms under the Fertilising Products Regulation”, which will assess the possible integration of new materials
in the FPR, such as biochar produced from sewage sludge.

In 2019, the JRC report “Technical proposals for selected new fertilising materials under the Fertilising Products
Regulation (Regulation (EU) 2019/1009)” raised specific concerns regarding the possible inclusion of sewage sludge
in the positive list of feedstock for CMC14! “Pyrolysis and gasification Materials”. This compilation of evidence
addresses the key barriers identified by the JRC, to corroborate the call for sewage sludge inclusion by meeting the
requirements of Article 422, Regulation (EU) 2019/1009. With product safety being the main concern expressed by the
JRC regarding sewage sludge biochar, this paper focuses on evidence of pyrolysis potential in pollutant elimination
and mitigation (Chapter 2). Subsequently, the document explores other aspects such as agricultural benefits (Chapter
3), the existing regulation framework of certain Member States (Chapter 5), and the current technology status of
pyrolysis (Chapter 4).

It concludes that biochar derived from sewage sludge should be classified under the Component Material Category
14, with a thermochemical conversion process requirement that should occur under oxygen-limiting conditions at
temperatures ranging from a minimum of 550 - 600°C for a minimum duration that ensures full carbonization. Such
additional process conditions would secure the safety of biochar from sewage sludge use in agriculture.

Pyrolysis technology (See grey box p.1) for the production of biochar from sewage sludge is widely available on the
commercial market. The carbonization of this category of feedstocks can ensure product safety by minimizing and
eliminating organic contaminants by advanced treatment and clearly defined process parameters. The technology
holds the potential to substantially lower wastewater management expenses and transform wastewater treatment
into a resource for producing a phosphorus-rich fertilising product. Currently, a large part of the sewage sludge
produced is landfilled, causing an annual 4.1 Mt CH4 emissionsP!. Further, the transportation of raw sludge entails
logistical challenges that can be bypassed with the local production of biochar, annexing a pyrolysis plant directly to
wastewater treatment facilities. Pyrolysis can transform the carbon contained in the feedstock into a highly stable
form, qualifying for permanent carbon removals.

! Component Material Category 14

2 Article 42 of the EU Fertilizing Products Regulation outlines the possibility of amending Annexes | to IV in order to align them to
technical progress and scientific evidence for new fertilizers, which a) have the potential to be the subject of significant trade on
the internal market, and (b) for which there is scientific evidence that they: (i) do not present a risk to human, animal or plant
health, to safety or to the environment, and (ii) ensure agronomic efficiency.



Pyrolysis

Pyrolysis is the thermo-chemical conversion of biomass in a low-oxygen
environment. It converts organic residues into pyrolysis gas and a stable form of
carbon.

Biochar

A main product of the pyrolysis of biomass is biochar. Biochar is a porous,
carbonaceous material with a broad range of applications where the contained
carbon remains stored as a long-term carbon sink.

The biochar can be used in agriculture or the production of climate-friendly
polymers, in materials for the construction industry or replace fossil carbon in
industrial manufacturing.

Biochar Carbon Removal (BCR)

While the natural degradation of organic carbon leads to the release of greenhouse
gases like CO2 or CH4 into the atmosphere, the stable carbon fraction in biochar is
extremely durable. Unless it is burned, it resists weathering/degradation and
remains stable for way beyond the relevant time scales of “several

centuries” PI10IL1]
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1 Addressing the concerns of the JRC group on sewage sludge biochar

In the EU Fertilising Products Regulation' sewage sludge was excluded from the list of eligible feedstocks for “Pyrolysis
and gasification materials” (CMC14). The main reasons stated by the JRC group!® were:

(1.1) Uncertainty whether contaminants of emerging concern are eliminated?®

(1.2) Presumption of non-adverse effects lacks techno-scientific evidence

(1.3) Risk of undermining consumer confidence in biochar in general

(1.4) Increasing complexity of compliance scheme for the CMC group

(1.5) Lack of evidence on relevant benefits of biochar produced from sewage sludge
(1.6) Consistency with voluntary standardization schemes (EBC)

The subsequent sections of this paper delineate and address these concerns, providing chapter links to substantiate
the case for biochar derived from sewage sludge incorporation in the Fertilising Product Regulation.

1.1 Uncertainty whether contaminants of emerging concern are eliminated?

This factor stands as pivotal in the exclusion of sewage sludge from permitted CMC14 feedstock. Pyrolysis emerges as
a potent method for eradicating pollutants inherent in diverse organic waste materials. Recent scientific research
underscores its efficacy in tackling a wide array of contaminants typically found in sewage sludges (refer to Chapter
2), spanning pathogens (2.1), pharmaceuticals (2.2.1), hormone-disrupting compounds, per- and polyfluoroalkyl
substances (PFAS) (2.2.2), polychlorinated biphenyls (PCBs), polychlorinated dibenzo-p-dioxins and furans (PCDD/Fs),
polycyclic aromatic hydrocarbons (PAHs), organophosphate flame retardants (OPFRs) (2.2.3), and microplastics (2.3).
Furthermore, residual pollutants present in biochar post-pyrolysis exhibit strong binding to its matrix, thereby
mitigating risks such as heavy metal leaching into soil (2.4).

1.2 Insufficient techno-scientific evidence supporting the presumption of non-adverse effects

Over the past 15 years, scientific research on biochar has experienced exponential growth!® with numerous scientific
institutes and universities conducting ongoing experiments on its impact on soil and safety. This trend extends to
biochar derived from sewage sludge, as evidenced by this paper's exploration of pollutant elimination through
pyrolysis (Chapter 2) and the agricultural and environmental benefits (Chapter 3) it offers. Potential contaminants
found in biochar may include heavy metals and organic compounds like polycyclic aromatic hydrocarbons (PAHs) and
polychlorinated aromatic compounds (PCDD/Fs and PCBs)“4. However, the total content of pollutants is heavily
influenced by process features and plant design, with pollutants primarily bonded to the biochar matrix, reducing soil
leakage. To ensure non-adverse effects, potential pollutant content in biochar is already regulated by the Fertilising
Product Regulation and specifically by CMC14 product requirements, ensuring its safe application in soil. Furthermore,
implementing stricter requirements for sewage sludge pyrolysis (Chapter 6) would complement existing contaminant
limit values.

3 “At present, very few research results are available on the behaviour during the pyrolysis/gasification process of the many organic
contaminants [...] that are possibly present in sewage sludge“; “Based on the precautionary principle and in view of the broad list
of emerging contaminants in human-derived waste streams it is justified to exclude highly contaminated feedstocks (e.g. sewage
sludge [...]) from the positive input material list to ensure human health and environmental safety“!

3
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1.3 Risk of undermining consumer confidence in biochar in general

Ensuring the establishment of appropriate requirements is key to safeguarding consumer trust in sewage sludge
biochar. Currently, numerous Member States are authorizing its application in agriculture (Chapter 5). However,
permitting its use as a fertilising product need not erode consumer confidence, provided that the Fertilising Product
Regulation (FPR) delineates specific procedural standards tailored to this input material. Moreover, implementing
voluntary standardization programs and certifications can bolster product credibility by transparently showcasing the
processes and attributes of the biochar value chain.

1.4 Increasing complexity of compliance scheme for the Component Material Category 14

Firstly, it's important to note that the complexity associated with incorporating sewage sludge into the FPR need not
exceed that encountered with other CMCs. By establishing uniform limit values and implementing stricter process
conditions, the regulatory framework can effectively manage potential complexities. Furthermore, the FPR already
addresses substances and products that may contain contaminants, suggesting that sewage sludge could be feasibly
integrated into existing compliance structures. Moreover, ample scientific evidence exists to support the development
of requisite requirements by policymakers. By stipulating minimum process conditions alongside limit values for
environmental and health safety, a conformity scheme for sewage sludge as biochar feedstock can be reliably
implemented. Such measures ensure both the viability of sewage sludge utilization and the preservation of
environmental integrity and public health standards.

1.5 Lack of evidence on relevant benefits of biochar produced from sewage sludge

Indeed, the benefits arising from sewage sludge biochar are multifaceted and significant. Firstly, it offers notable
agronomic advantages, enhancing soil fertility, water retention, and nutrient availability for plants (Chapter 5 and
Annex Il). Additionally, the environmental and climate-positive impacts of sewage sludge biochar are profound, as it
aids in carbon sequestration, mitigates greenhouse gas emissions, and promotes soil health and biodiversity (Chapter
5). Moreover, sewage sludge biochar facilitates nutrient recovery from waste materials, contributing to resource
efficiency and sustainable agricultural practices, in line with the EU nutrient recovery policy. Finally, the conversion of
sewage sludge into biochar presents an opportunity to transform waste into a valuable resource, potentially
generating revenue streams and fostering economic sustainability. In light of these benefits, the utilization of sewage
sludge biochar holds great potential for addressing agricultural, environmental, and economic challenges in a holistic
and sustainable manner.

1.6 Consistency with voluntary standardization schemes (EBC)

The European Union's regulatory framework holds the authority to diverge from and influence voluntary certification
schemes, serving as a driver of scientific advancement. As EU regulations establish robust standards grounded in
scientific research and public policy considerations, they set the benchmark for safety and quality within the market.
This dynamic relationship underscores the EU's role as a leading framework for guiding industry practices and
innovation, particularly in areas in rapid development such as biochar and environmental sustainability.
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2 Pyrolysis destroys feedstock pollutants

The latest scientific evidence on the elimination of the contaminants of concern in sewage sludges is presented below,
including pathogens, LAS, DEHP, nonylphenols, PCBs, pharmaceuticals, PFAS, PAHs mitigation and elimination.

2.1 Pathogens

Sewage sludge originates mainly from human excrements. Naturally, the sludge contains spores, pathogens, and
pyrogens.”! Controlled hygienization of sewage sludge may be required depending on the sludge destination and
achieved through different processes with specific performance levels.

The process conditions of pyrolysis (> 350 °C for several minutes) are much harsher even than approved sterilization
conditions.* Accordingly, pyrolysis eliminates all pathogens!® and pyrogens contained in sewage sludge — including
bacteria, fungi, vira, spores, parasites, antibiotic resistance genes etc.’

2.2 Organic pollutants

Increasing concern is raised regarding the spreading of sewage sludge on farmland, due to the presence of organic
pollutants in sludge. Recent scientific research has demonstrated that pyrolysis will destroy or remove several types
of those:

2.2.1 Pharmaceuticals

(e.g. pharmaceuticals, hormone disrupting molecules): Scientific evidence shows that at sufficiently high pyrolysis
temperatures (> 500 °C) and long durations (> 3 min), all reference organic contaminants and micropollutants were
completely or nearly completely degraded or driven off the solid material. A study published in 2019 by the German
Ministry of Environment (Bundesumweltamt)? analyzed the residues of various pharmaceutical in sewage sludge
after pyrolytic treatment above 500 °C. After the process, all of the investigated pharmaceuticals were below the
detection limit. The authors conclude: “With thermo-chemical treatments (i.e. pyrolysis) a complete destruction of
the pharmaceutical residues is achieved. No further technical treatment measures are necessary.” (See also Annex |).

2.2.2 Per-and Polyfluoroalkyl Substances (PFAS):
PFAS are eliminated by the process of pyrolysis. Kundu et al. (2021)** found that > 90 % of PFOS and PFOA in sewage
sludge were destroyed in a pyrolysis-combustion integrated process.

Evidence from the US EPA Office of Research and Development (2021)™% carried out on the US-based company
Bioforcetech’s commercially installed pyrolysis plant shows that pyrolysis at 600 °C for 10 minutes and combustion of
pyrolysis gases at 850 °C eliminate PFAS from sewage sludge. Bioforcetech (2021)"*% has reported 38 PFAS compounds
that were all kept at or removed to below detection limit in the biochar in their pyrolysis and pyrolysis gas burning
process.

At the Farevejle wastewater treatment plant in Denmark, sewage sludge pyrolysis at a temperature of 600-650 °C and
a residence time of more than 3 minutes, with subsequent incineration of the pyrolysis gas at 850°C for more than 2
seconds, has showed to eliminate all 7 PFAS compounds, previously detected in the sewage sludge, from the
biochar.[*” This experiment has been reproduced several times and showed how all PFAS detected in the sludge were
eliminated (to below detection limit of target molecules) both in the biochar and in the flue gas.

4 Requiring 132 °C for 4 minutes with steam (see CDC Steam Sterilization Disinfection & Sterilization Guidelines) and 250 °C to remove
pyrogens (bacterial endotoxins) under dry conditions (Dry Heat Sterilization)
5 See “Annex |: Studies regarding contaminants elimination through pyrolysis”

5
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G. Cornelissen et.al. performed mass balance for 56 different PFAS during full-scale pyrolysis of organic wastes,
including digested sewage sludges, and demonstrated high PFAS removal (between 96.9 and 99.9 % depending on the
feedstock) for pyrolysis temperature of 500-800 °C!*3!,

2.2.3  Polychlorinated biphenyls (PCB), polychlorinated dibenzo-p-dioxins and furans (PCDD/Fs), polycyclic
aromatic hydrocarbons (PAH), organophosphate flame retardants (OPFRs), endocrine-disrupting
chemicals:

In the event of a concentration of PAHs exceeding the regulatory thresholds for agricultural use of sludge, additional

treatment may be recommended if agronomic recovery is considered. Properly designed pyrolysis processes can

eliminate these chemical compounds, resulting in biochar with a PAH content below limit values or even detection
limits:

Mosko et al. (2021)18 demonstrated that slow pyrolysis at > 600 °C removed more than 99.8 % of the studied PCB,
PAH, endocrine-disrupting chemicals, and hormonal compounds. The authors state: “High temperature (> 600 °C)
slow pyrolysis can satisfactory remove organic pollutants from the resulting sludge-char, which could be safely
applied as soil improver”.

Sermo et.al. tested six organic wastes, including digested sewage sludges and shown that removal efficiencies for
PCBs and PCDD/Fs were > 99.9% in the biochars produced in pyrolysis temperature range from 500 to 800 °C)*%,

Castro et.al compared raw-, digested-, combusted and pyrolyzed sludge samples collected from different waste
treatment plants. It was confirmed that pyrolysis at temperatures >500 °C effectively removed the OPFRs in the
produced biochar, whereas combustion at 300 °C reduced the concentrations of OPFRs by 98 % (in the ashes
formed)??.,

2.3 Microplastics

Depending on the destination of the sludge, elimination of microplastics might be necessary??. Ni et al. (2020)?*
found that “Polyethylene and polypropylene, the two most abundant microplastics in sewage sludge, were entirely
degraded when the pyrolysis temperature reached 450 °C.” Total concentrations of microplastic were reduced from
550.8 - 960.9 to 1.4 - 2.3 particles/g at pyrolysis temperatures of 500 °C. No microplastic with a particle size of 10-50
pm remained.

To illustrate the behavior of plastic during high temperature treatment (for example during pyrolysis), the thermal
decomposition curves of PE and PP are shown in Figure 1. PE and PP thermal degradation shows a dramatic mass loss
between 400 °C and 500 °C, while above 500 °C “the material degraded completely without leaving any noticeable
residue.”? PET, a highly relevant plastic type regarding sewage sludge, starts to decompose at a temperature above
450 °C and transitions to the gas phase.® PET decomposition is terminated in less than one minute (a = 1) at
temperatures above 500 °C°). The cracked gases are of high calorific value and can be used for energy production.
Thus, the pyrolysis of sewage sludge is an effective method to drastically reduce microplastic in the environment.

6 See Figure 3 in the Annex under “Studies regarding contaminants elimination”.

6
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24 Heavy Metals Bioavailability

Sermo et al. (2023)B3% investigated for the first time the fate of heavy metals (HM) during full-scale industrial pyrolysis
(500 — 800 °C) of seven contaminated feedstocks and a clean wood feedstock. Most of the heavy metals accumulated
in the biochar, but As, Cd, Pb and Zn were also found in the flue gas at temperatures above 600 °C. Leaching tests
demonstrated that heavy metals are in fact more mobile in wood than sludge biochars. The authors explain that
increased immobilization of heavy metals in sewage sludge biochar is linked to the formation of insoluble mineral
species, that occurs to a larger extent in sewage-sludge-based biochars due to higher concentrations of inorganic
compounds compared to wood-based feedstocks. This immobilization effect makes sewage-sludge biochars resistant
towards leaching of heavy metals across a wide pH range, and to such a degree that their potential contribution of
HMs to soils upon application might not necessarily be greater than that for biochars made from clean wood.

The heavy metals in the sewage sludge biochar are easily quantified. Zn, Cu, Ni, Cr, Pb typically have a concentration
that is 1.6-2.0 times higher than in the sewage sludge. However, being P recovered during the pyrolysis, the ratio
HMs/P remains constant. Further, heavy metals leakage into soil from sewage sludge biochar is consistently lower
compared to sludge direct spreading. “It was observed that, in general, pyrolysis resulted in a statistically significant
decrease in the concentrations of DTPA-extractable Cd, Cu, Pb, and Zn, as compared to their corresponding feedstock
biosolids”? . The extractable concentrations were between 2-9 times lower than from the corresponding sewage
sludge. In the table below, biochar at low temperature (BCL) has been pyrolysed at 500 °C and biochar at high
temperature (BCH) has been pyrolysed at 700 °C.

DTPA-extractable concentrations (mg/kg) of Cd. Cu, Pb, and Zn in the biosolids and Figure 2: DTPA-extractable

corresponding biochar samples. BS: biosolids, BCL: biochars prepared at low temperature, concentrations (mg/kg) of Cd, Cu

Pb, and Zn in the biosolids and
corresponding biochar samples. BS:

BCH: biochars prepared at high temperature. Different letters within the same row represent

significant differences in the mean values.

biosolids, BCL: biochars prepared at

DTPA-Extractable Metals BS BCL BCH .

low temperature, BCH: biochars
cd 0491£0.153a 0.056=0.028b 0.080 = 0.048 b )

prepared at high temperature.
Cu 128 £ 76 452120 42:90 } .

Different letters within the same row
Pb 144+063a 072£028b  0512014b ¢ significant diff )

represent significant differences in
Zn 231+8la 269D 37+15b P g

the mean valuesZ,
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3 Biochar from sewage sludge benefits for agriculture

Biochar offers a sustainable method for soil management, which has the potential to enhance agricultural productivity
and resilience over the long term. Biochar from sewage sludge allows to recover nutrients from a critical waste stream,
promoting valuable resources management. Several studies (see also Annex Il) showed different benefits for soil
quality, environment and climate aspects, including emissions reduction, enhanced microbial activity, and increased
biomass production, varying with the characteristics of the product and pedoclimatic conditions.

3.1 Biochar contribution to carbon sinks and GHG emission reduction

Pyrolysis of sewage sludge can make a significant contribution to mitigating climate change. Containing approximately
35% of stable carbon, the biochar resulting from the process acts as a permanent carbon sink when used in agriculture.
Between 300 and 500 kg CO, could be stored for each ton of dried sludge. Furthermore, storing and spreading sewage
sludge directly on farmland significantly contributes to greenhouse gas (CHs and N,O) emissions!?>!. According to a life
cycle assessment of the Technical University of Denmark, drying and pyrolyzing sewage sludge could reduce
greenhouse gas emissions in the order of 1000-1500 kg of CO,-eq per ton of dried sludge?® with respect to 6 months
of storage of sewage sludge and direct field application and considering 100 years COz.

3.2 Biochar from sewage sludge as P-rich fertilising product

An increasing number of EU member states must recover and recycle phosphorus from sewage sludge for soil
fertilization. Various methods are available, but pyrolysis at temperatures from 500 to 800 °C is the most carbon-
efficient. Pyrolysis leads to a product that can be used as a P-rich fertilising product without further chemical
extraction!”!. P-recovery rates during pyrolysis can range around 80-100% of the feedstock total P content?!. The
availability of P,Os in the biochar from sludges ranges depending on different sludges and processes and can reach 80
%, extracted with ammonium citrate.!®¥ According to Kratz and Schnug (2009)5%, this indicates a highly valuable
fertilising product. Sewage sludge biochar with limited water extractability on the other hand can prevent the risk of
water body eutrophication due to phosphorus leakage, exacerbated by conventional mined phosphorus fertilisers use.

Additionally, the Cd/P ratio in sewage sludge biochar is typically in the range of 15-45 mg Cd/kg P dry matter, whereas
this ratio can be up to 10 times higher in conventional mined phosphorus fertilisers. After the embargo against Russia,
the EU needs to supply phosphorus fertilisers demand from other countries such as Morocco and Saudi Arabia, which
often have Cd/P205 concentrations up to 1500 mg Cd/kg P205?°!. P-recovery from existing and undervalued sources
like sewage sludge thus becomes a viable option to extract available nutrients from local sources.

3.3 Sewage Sludge pyrolysis yields a carbon negative p-fertilising product

In 2019, the German Federal Environmental Agency published a comparative study of phosphate fertilisers in
Germany, including conventional products and respective recycled phosphates!?®. According to the publication, the
current consumption of non-renewable resources for phosphate fertilising products results in emissions of around 1,2
kg CO2 eq/kg P,0s. The study emphasizes the high importance of valorizing recycled sewage sludge products to
promote a more sustainable nutrient management in agriculture. In this scenario, pyrolysis of sewage sludge has a
high potential to mitigate the environmental impact and global warming caused by fertilisers®'. A calculation
performed by PYREG supports this assumption: biochar from sewage sludge can obtain a Global Warming Potential
(GWP) of -4,0 kg CO, eq/ kg P,0s (Figure 2).

On a more general level, the urgency of addressing climate change is growing and removing carbon from the
atmosphere is becoming a key solution for a sustainable future!®, in addition to emission reductions. Sequestering
carbon in a durable way is thus crucial to guarantee lasting Carbon Dioxide Removal (CDR) solutions. Biochar Carbon

8
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Removal (BCR) stands out due to its stable form of carbon and it is listed among the novel CDR methods in , The State
of Carbon Dioxide Removal“ report. BCR is also now part of the permanent carbon removals defined in the soon-
released EU Carbon Removal Certification Framework (CRCF). This EU legislation integrates carbon dioxide removals
into its climate strategy, focusing on mature activities that offer sustainability co-benefits. In fact, BCR represents an
exemplary candidate for the CRCF methodology development, due to its maturity, scalability, and efficacy in
permanent carbon sequestration. Supporting the importance of biochar as a CDR solution, Sanei et al. (2024)2”

recently presented compelling evidence validating the notion of BCR as a lasting CDR solution.

Precipitation in digested sludge

Precipitation in digested sludge (Lysogest) ° B
Precipitation in digested sludge (+Pondus)
Precipitation in centrate

Precipitation in centrate (+ Wasstrip)

Precipitation in centrate (+ Haarslev DLD)
Precipitation in centrate (+ Wasstrip & Lysotherm) negative CO, emissions

Sewage sludge ash (EcoPhos)

GWP [kg CO,/kg P,0,]

Sewage sludge ash (TetraPhos) PYREG
Sewage sludge ash in DM-industry (SSP)

Sewage sludge ash (AshDec)
20 30 40 50 60% 70° 80¢ 90 100"
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Figure 3: Diagram on Pyreg’s calculation: GWP and P recovery rates comparing common fertilisers, other
P-recovery solutions and Pyreg’s biochar.

4 Pyrolysis technology is deployable and scalable

Sewage sludge pyrolysis is already a mature technology with several suppliers who have reached TRL 8 (demonstration
plant) or 9 (industrial plant). For instance, some industrial plants are currently in continuous operation in Germany
and Czech Republic, under commission in Denmark, while demonstration plants have been operated successfully in
Sweden, Germany, Italy and USA. Most of those plants work in the range of 0.5 tonne/h to 2 tonne/h of dewatered
sludge (per process line), equivalent to a plant serving 50,000 PE to 200,000 PE. Therefore, they are compatible with
a decentralized model, where the sludge pyrolysis plant can be directly installed on the wastewater treatment site.
Higher treatment capacities can be achieved by installing several modules in parallel.

Sludge drying is required prior to pyrolysis, but most of the pyrolysis units combine a drying machine and a heat
recovery system that transfers heat from the pyrolysis to the drying step. In most cases, the combination of drying and
pyrolysis is energy self-sufficient with the energy recovered from the pyrolysis gas being sufficient to dry the sludge.
Digested sludge can be pyrolyzed with a fraction of green waste to reach the same result. This process would also
increase the carbon content of biochar.

)| co,

pacoul Environmentally friendly production of biochar with an up to
four-fold value creation: (i) generation of CO2- neutral
electricity, (iij) CO2-neutral heat, (iii) biochar and (iv) negative

emissions. Plant types that are not designed for electricity

B Negative generation convert a higher proportion of the initial biomass
= el . . . .
Emissions into biochar and thus into carbon sinks.
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5 Sewage sludge biochar — National EU regulations status

Biochars produced from sewage sludge have been excluded from the new Fertilising Products Regulation (EU)
2019/1009, following the scientific opinion of the EU Joint Research Centre (JRC) technical report on STRUBIAS
products®. However, several national regulations of EU Member States and extra-EU countries authorize the
agricultural use of sludge biochars.

According to the European Sustainable Phosphorus Platform’s SCOPE Newsletter nr. 1445%, which presents an
overview of related national policies, some relevant cases can be observed in different countries, such as Denmark,
Czech Republic and Sweden (See below). In these countries, the developments followed two main paths: either the
greenlights could be obtained by setting up a regulation that includes biochar and PyCCS, or by proving the compliance
of biochar products with existing national policies.

The following examples emphasize how national regulations are currently reflecting the need for a growing biochar
industry and market, together with the necessity of a circular resource management. These Member States’ initiatives
can lead to an adaptation of the EU policy framework. Broad policy change can be driven by the layering of new
elements and the progressive revisions to existing set of institutions®¥, in this case represented by new sets of policies
and active sponsorships for a regulated use of biochar.

Examples in the EU:

e (Czech Republic: Biochar produced from sewage sludge has to obtain End-of-Waste status approved by
regional authorities in order to be used in agriculture. To obtain the End-of-Waste status, the operator has to
apply to regional authority, providing operating rules and certificate of the product safety and functionality
(issued by Central Institute for Supervising and Testing in Agriculture), and the biochar has to fulfill limit values
on heavy metals and PAH (20 mg/kg DM PAH;,) according to Decree No. 474/2000 Coll. On the specification
of requirements for fertilisers’®®, which was amended with pyrolysis materials on October 2021 (Decree of the
Ministry of Agriculture on setting requirements for fertilisers). KARBO HF s.r.o. made a successful registration
for sewage sludge biochar from a PYREG installation, at Trutnov-Bohuslavice municipal wastewater treatment
plant. The steps followed by the plant started with obtaining the occupancy permit by decision of the Central
Institute for supervising and Testing in Agriculture (UKUZ), followed by decisions of the Regional Hygiene
Station (KHS) and a statement of the Ministry of Industry and Trade. Lastly, the Regional Office and the town
of Trutnov released the approval. The fertilising product was successfully registered as Karbofert T1.

e Sweden: Sweden’s policy framework doesn’t include a specific process to allow biochar from sewage sludge
application into agricultural soils. The fertilising products in this national context has to follow the
prescriptions of such regulations: Chapter 2 of the Environmental Code (SFS 1998:908); the regulations and
general guidelines of the Swedish Board of Agriculture (SJVFS 2004:62) on environmental considerations in
agriculture regarding plant nutrients; the regulations of the Swedish Environmental Protection Agency (SNFS
1994:2). Subsequentially, the product has to be registered within the Swedish Chemical Agency (KEMI). Two
PYREG facilities in Germany (Unkel wastewater treatment plant and Bionero) have successfully registered
biochars produced from sewage sludge as fertilising products’.
The Swedish Revaq standard v. 9 from 01-01-2024 has also approved use of sewage sludge biochar on
farmland, as long as the PAH-16 level is < 4mg/kg dm and the sewage sludge have been approved for use on
farmland.

e Denmark: Since June 22nd, 2022, pyrolysis has been recognized as a hygienisation method for sewage sludge
used in agriculture by the Danish Environmental Protection Agency, allowing the soil application of biochar
produced from sewage sludge. According to the statement, the pyrolysis process requirements include a
minimum temperature of 500°C and a residence time of 3 minutes. Waste to be used for agricultural purposes

7 For more information and literature please visit the Swedish Board of Agriculture website.
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is regulated according to Ordinance No. 1001 of 27 June 2018.

e Finland: On October 10, 2023, the Ministry of Agriculture and Forestry of Finland issued Decree 964/2023% on
Fertiliser Products, which governs the quality requirements for product categories, input material classes, and
their processing specifications for the national market. In accordance with the regulation, a fertiliser product
can encompass materials produced through pyrolysis or gasification, obtained via thermochemical conversion
with restricted oxygen levels. The permitted feedstocks are listed by the Food Agency, and sewage sludge is
now included among them. The pyrolysis process requirements defined in the decree specify that "In the
presence of plant biomass, the reactor temperature must reach at least 180 degrees Celsius for a minimum of
two seconds. When utilizing sewage sludge, the reactor temperature should be raised to at least 500 Celsius
degrees for a duration of at least five minutes." Additionally, a molar ratio of hydrogen (H) to organic carbon
(H/Corg) of less than 0,7 and related testing are required for biochar, in addition to specific limit values for
PAHs content (6 mg/kg dry matter of PAH16), in alighment with the EU Fertilising Product Regulation.

6 Proposed processing conditions for CMC 14

The current definition of CMC14, "Pyrolysis and gasification materials," outlined in the Fertilising Product Regulation,
does not sufficiently ensure the safe production of biochar from sewage sludge. The minimum process requirements
of 180°C for 3 minutes lack the necessary stringency to effectively manage hazardous pollutants of this waste stream.
In light of available scientific evidence, it is recommended that biochar derived from sewage sludge is classified under
CMC14, accompanied by additional process requirements. Specifically, the thermochemical conversion process
should occur under oxygen-limiting conditions at temperatures ranging from a minimum of 550 - 600°C for a
minimum duration that ensures the full carbonization of the feedstock. Such temperature range can remove > 97%
of PFAS contained in the feedstock. These minimum process standards will be supplemented with existing limit values
for pollutants in the final product (CMC14) and the resulting PFC, ensuring the secure manufacturing and utilization of
biochar from sewage sludge within agricultural practices. Advanced characterization of the biochar, such as the
random reflectance (Ro) analysis, can show the level of carbonization of biochar and represents an additional safety
layer, also indicating pollutant degradation.

7 Fulfillment of Article 42 Criteria

Article 42 of the EU Fertilising Products Regulation outlines the possibility of amending Annexes | to IV in order to align
them to technical progress and scientific evidence. The new fertilising products and/or components must have the
potential to be the subject of significant trade on the internal market, and have scientific evidence that they do not
present a risk to human, animal or plant health, to safety or to the environment, and ensure agronomic efficiency!.

Each EU citizen generates ca. 55 g primary sludge dry solids per day or 20 kg per year®” and approximately 8.1 million
tonnes of sewage sludge are produced annually in the EU-27 (Eurostat 2021). That amounts to 2.5 Mt of organic carbon
per year and 0.15 Mt of phosphorus per year?. Although nutrient recovery is widely encouraged in the EU, the
pathways to retrieve phosphorus from sewage sludge might present different barriers. Firstly, the economic viability
of sewage sludge treatment via mono-incineration, followed by the sale of recovered resources and energy at market
rates, is questionable due to insufficient profitability® and relevant climate footprint.

The potential pyrolysis of all sewage sludge in EU would generate approximately 4 million tonnes of biochar, with
recovered P (See Chapter 3.2) and C. This would constitute around 4.5 million tonnes of CO2eq sequestered per year.
The CDR function of biochar can generate an additional income of 120€/tonnes CO2 eq as carbon credits
(Carbonfuture.earth), other than the market value of sewage sludge biochar as a fertilising product. Moreover, due to

8 Maa- ja metsitalousministerién asetus... 964/2023 - Saddokset alkuperdisind - FINLEX ©
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the sewage sludge disposal fees, pyrolysis and gasification plants that treat sewage sludge can achieve a return on
investment within 5-10 years.

Sludge management costs represent up to 50 % of the operating expenses of wastewater treatment!“®, with disposal
costs of dewatered sewage sludge, exceeding 200 €/tonnes in certain countries*!l. There is already a substantial
exchange of sewage sludge within the domestic market, and a comparable market for trading biosolids biochar could
emerge if the obstacles to its utilization are alleviated.

The safety of sewage sludge biochar to humans and the environment can be ensured by the existing limit values for
pollutants content included in the Fertilising Product Regulation and by the pollutant elimination ability of the pyrolysis
process, as shown in Chapter 2 of this paper. Additionally, sewage sludge biochar is reported to be an excellent PFAS
sorbent (Krahn K (2023)A), also compared to wood-based biochar.

Lastly, the agronomic efficiency of biochar has been already successfully assessed by the 2019 JRC Technical proposals
for selected new fertilising materials [“. This is complemented by the scientific literature presented in Chapter 3 and
Annex I, supporting sewage sludge biochar benefits for agriculture as a fertilising product, alone or mixed with other
components.

Article 42 requirements are hence met.

8 Conclusions

In summary, our paper advocates for the recognition and regulatory acceptance of sewage sludge biochar as a viable
and beneficial resource within the EU Fertilising Products Regulation. The scientific evidence reviewed in this paper
directly addressed the concerns raised by the Joint Research Centre regarding the safety of sewage sludge biochar,
while presenting the agricultural, environmental and climate benefits. The multifaceted advantages cover soil health
to mitigating greenhouse gas emissions and storing carbon permanently. A safe and sustainable integration of sewage
sludge as allowed feedstock for CMC14 is thus possible through the implementation of stringent thermochemical
conversion process requirements. Such integration would support the deployment of several EU SDGs like 13. Climate
Action, 15. Life on Land, 9. Industry, Innovation and Infrastructure, 12. Responsible Consumption and Production, 6.
Clean Water and Sanitation.

Through collaborative efforts between science, industry, and policymakers, we can unlock its full potential to foster
sustainable agriculture together with climate benefits.
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10 ANNEX | - Additional studies regarding contaminants elimination through
pyrolysis

10.1 Studies regarding organic pollutants

(Hoffman et al., 2016)“? demonstrates that the pyrolytic treatment of biosolids at a temperature of 400 °C almost
completely removed (> 95 %) estrogenic compounds associated with biosolids. The melting and boiling points of all
common estrogens are below 260 °C and 440 °C, respectively. After the estrogenic compounds melt into the liquid
phase, they will partition to the gas phase (away from the biochar) as the liquid-gas phase equilibrium is approached.
These compounds will thus presumably have volatilized at pyrolysis temperatures of 500 °C. After initial volatilization
from the biochar, the estrogenic compounds could either partition to the pyrolysis oil or pyrolysis gas or be
transformed through thermal decomposition. The authors conclude: “pyrolysis of biosolids can be used to produce a
valuable soil amendment product, biochar, that minimizes discharge of estrogens to the environment.”

(Ross et al., 2016)“3 demonstrate that pyrolytic treatment at 500 °C removed after less than 5 minutes more than 90
% of microconstituents like the antibiotic triclocarban, the pharmaceutical conservation agent triclosan as well as the
non-ionic tenside nonylphenol (to be found in pharmaceuticals, fungicides, paints etc.) from the solid residue. At 600
°C nonylphenol was even below the detection limit. Their fate studies revealed that microconstituents were both
volatilized and thermochemically transformed during pyrolysis. Reductive dehalogenation products of triclocarban
and suspected dehalogenation products of triclosan were identified in pyrolysis gas and would be completely degraded
by the usual pyrogas combustion. The authors conclude: “Application of biosolids-derived biochar to soil in place of
biosolids has potential to minimize organic microconstituents discharged to the environment provided appropriate
management of pyrolysis gas and pyrolysis oil” (the latter is usually co-combusted in sewage pyrolysis).

(Ross et al., 2016 was referenced by the STRUBIAS report but unfortunately to express the contrary of the paper’s
main message, i.e. “the limitations of the potential of dry and wet pyrolysis/qgasification processes to remove organic
pollutants” at lower temperatures than 500 °C).

A study published by the German Ministry of Environment in 2019 (Bundesumweltamt 2019)™? investigated
pharmaceutical residues of various biosolids after pyrolytical treatments above 500 °C. The selected substances were
Ciprofloxacin, Levofloxacin, Clarithromycin, Carbamazepin, 17-a-Ethinylestradiol, Diclofenac, Cefuroxim,
Sulfamethoxazol, 17-B-Estradiol, Metoprolol and Bezafibrate. Following the pyrolysis treatment with operating
temperatures above 500 °C all values of the investigated pharmaceuticals were below the detection limit. The authors
concluded: With thermo-chemical treatments (i.e. pyrolysis) a complete destruction of the pharmaceutical residues is
achieved. No further technical treatment measures are necessary.

(Dai et al., 2018)"*! evaluated the fate of PCDD/Fs during sewage sludge pyrolysis. PCDD/Fs were partially
dechlorinated during pyrolysis, but the main factor determining their fate was distillation. Comparing sewage sludge
char with the untreated sewage sludge, 98-99% of PCDD/Fs and about 90% of PCDD/Fs toxicity quantified in I-TEQ
(International Toxicity Equivalent Quantity) were eliminated under relevant pyrolysis conditions (500-700 °C).

(Kimbell et al., 2018)1! showed that a pyrolysis of 5 minutes at 500 °C is sufficient to eliminate all genes including
antibiotic resistance genes below the detection limit.

Pyrolysis reduces availability of polyaromatic hydrocarbons (PAHs): (Fristak et al., 2018)“”) showed that pyrolysis can
remove more than 95% of the total content of 16 EPA-PAH of sewage sludge, which is similar to the findings of other
studies, e.g. Kong et al., 2019 and the review of Liu et al., 2018.1°!

(Simon et. al., 2018)"“¥ performed toxicity tests with enchytraeids and found that no harmful effects would be
expected at application rates of sewage sludge char of < 11.5 t ha™. We expect that in praxis, application rates would
not exceed 1-3 t ha™.
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(Alipour et al., 2022)“* studied removal of three groups of organic contaminants - PCBs, PAHs and personal care
products - showing that the removal efficiency of the compounds increased to more than 99 % in biochar at 600 °C
during the pyrolysis process.

A review paper on “Biochar from biosolids pyrolysis” was published by (Paz-Ferreiro et al., 2018)®. The paper
convincingly shows the potential of various pyrolyzed biosolids to increase crop yield, enhance soil enzymatic activity,
increase microbial biomass in soil, improve compost quality, reduce GHG emissions, reduce NHs and NOs leaching and
to preserve most of the initial P (> 90%) in a plant available form. The authors conclude: “Pyrolysis of biosolids leads
to several benefits, compared to the traditional landfilling, incineration or land application. This includes few gaseous
emissions, the destruction of pathogens, the potential to recover energy and a solid product, which can be used as a
soil amendment. The nutrient content of biochars prepared from biosolids is high, in particular for phosphorus.
Paradoxically, very limited work exists concerning the use of biosolids biochar as a product to improve agronomic
performance. This could be due to concerns of toxicity via the food chain, which seems irrational given the
demonstrated ability of biochar to immobilize pollutants, in particular heavy metals. The use of biochar for growing
non-edible plants in horticulture, as a substitute for other growing media materials, could mitigate these concerns.”

Another exhaustive review paper about the characteristics and applications of biochars derived from wastewater
solids was published by (Liu et al., 2018).1*! The authors propose an integrated wastewater treatment process that
produces and uses wastewater biochar for a variety of food, energy, and water (FEW) applications. The review paper
provides a valuable overview about the general topic and confirm that all relevant organic pollutants are eliminated
or reduced to an extend that the resulting materials can be applied without damaging the environment, the food chain
or users.

10.2 Study on PET thermal degradation
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Figure 3 1: This figure shows that at reaction temperatures from 490 °C (and above), the PET decomposition reaction is completed
within 1 minute (o = 1). This temperature is therefore suitable for the rapid conversion of PET.5*!
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10.3 Studies regarding PFAS elimination

Gullett, Brian (2021): EPA PFAS Innovative Treatment Team (PITT) findings on PFAS destruction technologies. EPA Tools
& Resources Webinar:

https://www.epa.gov/sites/default/files/2021-

02/documents/pitt findings toolsresources webinar 02172021 final.pdf

EPA (2021) US Environmental Protection Agency. Potential PFAS Destruction Technology: Pyrolysis and Gasification.
https://www.epa.gov/sites/default/files/2021-
01/documents/pitt _research brief pyrolysis final jan 27 2021 508.pdf

(Sermo et al., 2023)13 studied decomposition and emission factors of a wide range of PFAS during full-scale pyrolysis
of wastes, including 4 sewage sludges. Concentrations of PFASs in the biochar samples were 1-3 orders of magnitude
less than the concentrations in the original feedstocks, achieving removal efficiency higher than 96 % when pyrolyzed
at 500 °C and higher than 98 % when pyrolyzed at 700 °C and higher. Authors state “Considering the results from the
present and previous studies, pyrolysis of contaminated organic waste should be operated at a minimum of 600 °C in
order to properly decompose PFAS and other organic contaminants to non-detectable levels.”

In the study (McNamara et al., 2023)5% pyrolysis removed more than 99 % of targeted PFAS and PFAS precursor
compounds from the solid phase during pyrolysis of biosolids at 500, 650 and 800 °C.
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Bioforcetech has conducted an internal study to am
evaluate the fate of 38 PFAS and PFOAS compounds i
using this method. The results are published in this T
article for the first time showing the P-FIVE Reactor wos
as an effective method for removing PFAS and PFOA S
from municipal Biosolids at an industrial scale. e

»»»»»

The treatment (drying and carbonization) of contaminated sewage sludge was conducted with a PYREG pyrolysis unit,
no reportable PFAS were found in produced biochar of the treated sewage sludge. Of the four studied innovative
technologies to eliminate the PFAS problem, pyrolysis of sewage sludge was the only one achieving a TRL of 7
(operational environment).[1®!

Bioforcetech and the Environmental Protection Agency in the USA have shown PFAS degradation to non-detectable
levels in both biochar®***! flue gas and scrubber water emissions®” with pyrolysis at 600 °C for 20 minutes and
subsequent thermal oxidation at 850 °C at a full-scale pyrolysis plant in California, USA. For the flue gas FTIR, analysis
was performed to detect 18 C1-C8 PFAS components, showing all content values below detection limit.
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11 ANNEX Il - Additional studies regarding agronomic benefits

A multitude of further studies demonstrated agronomic benefits of applying biochar made from biosolids, the
following are a short selection of most relevant publications:

(de Figueiredo et al., 2019)5Y found that sewage sludge chars produced at 300 and 500 °C increased the colonization
of maize roots with arbuscular mycorrhiza fungi (AMF) and therefore improve mutualistic symbiotic association of

maize and AMF.

(Mierzwa-Hersztek et al., 2018) 7 found that sewage sludge char increased the biomass production in Poa pratensis
by up to 100% compared to a non-amended control under lab conditions.

(Gonzaga et al., 2019)? found significantly increased biomass production of Indian mustard over three years after
sewage sludge char amendment to tropical soil.

(Grutzmacher et al., 2018)"® found that amendment with sewage sludge char reduced fertiliser induced N,O emissions
by 87% in a microcosm experiment.

(Bai et al, 2022)¥ also demonstrate significant yield increase for sludge based biochar (ca. 50 %, n=14), and biochar
co-applied with organic and inorganic fertilisers gives the highest yield increases.
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