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recycling plant counts as recycled. I would estimate that 
20%-30% of the material is not recyclable (think of particle 
sizes < 40 mm); these residues are mainly thermally uti-
lized. It should be taken into account that, in general, mu-
nicipal waste (MSW) incinerators have an energy efficiency 
for electricity production of < 20%.  

Parts of used electronics (most no longer functional), 
clothing, separately collected plastic waste and paper are 
shipped to Africa, Asia, and other non-European areas and 
enter statistics as recycled.  I am very skeptical as to the re-
cycling efficiency for the different materials in the receiving 
countries, without any control (see also Bartl, 2014; 2020).

Waste statistics 
What should we look at when scrutinizing waste re-

cycling statistics? In Germany for example, official mate-
rial recycling rates for separately collected glass (2016: 
85.5%), paper (2018: around 76 %) and plastic (2017: 46.7 
%) - https://www. umweltbundesamt.de - are relatively high, 
but one has to take into account separate waste material 
collection rates between 50%-70% (htpps://www.bmu.de). 
For plastic, actual material recycling lies between 23% and 
32%. Reutilization cycles for paper and plastic are limited 
to 5-7 times, i.e., for new – mainly low quality- paper pro-
duction, approx. 28% virgin material has to be added (www.
altpapier.ch). 

It is a widespread opinion that metals can be recycled 
endlessly. However, the presence of numerous alloys will 
modify the original metal quality, which limits the recycling 
of certain metals. Trace elements that improve metal char-
acteristics can often not be recovered during thermochem-
ical reprocessing because they stay in the slag or remain 
in the metal. Reck et al. (2012) presented the results of 
Markov chain modelling, "which shows that a unit of the 
common metals iron, copper, or nickel is only reused two 
or three times before being lost gainsaying metals being re-
peatedly recyclable” the notion of a consequent approach 
can save certain industries from timely collapsing due to a 
lack of resources“.

In the majority of cases, recycling is actually a down-cy-
cling of resources, and statistical data of material recycling 
rates do not indicate the quality of the recycled product. 
The products from material recycling are frequently of 
a low value, although improvements  may be gained by 
means of more detailed separation, such as into different 
types of plastics. Material recycling rates for electrical and 
electronic waste are pretty low. Following the recovery of 
compounds with high values such as gold, copper and oth-

We live in challenging times: climate change, with vast 
fires, flooding, droughts, hurricanes, coronavirus pandem-
ics, difficult political situations and now also limited re-
sources resulting in reduced production in the construction 
sector and car industry. Economies need more raw mate-
rials for their steadily increasing production. Wood, steel, 
plastics, and other materials are becoming scarce. Prices 
for soya, palm oil, wood, sand, and steel have increased 
significantly due to reduced availability on the world mar-
ket. This lack has been caused by a series of reasons, such 
as increased production "after" coronavirus, worldwide 
competition, supply chains, and availability of natural re-
sources. This situation highlights how vulnerable industry 
is, and that the times of abundant availability are over. The 
situation of the rare earth elements Gallium (Semiconduc-
tors), Germanium (Optical Fibres), Indium (flat screens) 
and Hafnium (Superalloys), which are becoming depleted 
and are not replaceable (https://goldengates.de/de/ratge-
ber/rohstoffknappheit-2021/) is particularly critical.              

It is time to do more with regards to resource saving 
and substituting rare materials, otherwise our quality of 
life will change significantly. I think we are approaching a 
tipping point. Although we have known about the endless-
ness of resources for a long time, to date very little action 
has been taken. 

Circular Economy 
A popular opinion maintains that the application of Cir-

cular Economy (CE) and other approaches such as Zero 
Waste and Cradle to Cradle solves all waste management 
problems. We all have seen the closed circle that graphi-
cally describes the CE. People may get the impression that 
material use is unlimited, producing little or no residues for 
disposal. I do not intend to question the CE, but it is essen-
tial to look at what is actually behind it. 

Until now, the CE has not heralded the necessary break-
through in waste reduction: waste production globally has 
not changed much (Simon and Holm, 2018). The worldwide 
average waste production amounts to 1.2 kg/Pers./d and - 
as predicted by the World Bank - will reach 1.42 kg/Pers./d 
in 2025. Even in Germany, with relatively high recycling 
rates, waste production remains almost constant. Statis-
tics report high recycling rates for different countries, and 
Germany often sees itself as the waste recycling champi-
on.  However, on looking more closely at these rates, how 
the data are collected and which measures count as recy-
cling, the situation is rather different. In Germany for ex-
ample, separately collected packaging waste that enters a 
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er metals, the plastic parts are often energetically used in 
metal smelters, cement kilns, and waste incinerators. Sta-
tistics frequently fail to distinguish between energy and 
material recovery. 

I should also like to discuss another aspect: the gen-
eral opinion that recycling only makes sense if profitable. 
This opinion is one of the reasons why large amounts of 
recycled plastic are thermally treated. We need a new ap-
proach and take natural resource savings as a benchmark; 
costs are substantial, but they should not control recycling. 
This approach is comparable with climate change, where 
all necessary interventions must be undertaken. 

Waste prevention
Why do I mention all this? Although efficient separate 

collection and mechanical separation techniques are avail-
able, the material recycling rates and quality of products 
are generally relatively low. Recycling as practiced today 
has reached its limits, and therefore, other forms of waste 
avoidance should be fostered to save more resources. This 
approach is vital for humankind to avoid the onset of a signif-
icant economic recession with increasing global pollution.  

Waste prevention “… takes place before products or ma-
terials are identified or recognised as waste" (OECD, 2000). 
Waste prevention is part of waste minimization. The latter 
encompasses prevention and or reduction of waste at the 
source, improving the quality of the generated waste, such 
as lowering the hazardous element, and encouraging re-
use, recycling and recovery. 

When waste recycling is carried out, this implies that 
waste has been produced and requires some form of treat-
ment. In the case of avoidance, no waste is produced (pri-
mary avoidance). 

Recycling activities should be validated, with a particu-
lar focus on waste avoidance (i.e. material avoidance, MA, 
= resource saving). As a consequence, we should validate 
recycling measures by calculating the number of saved re-
sources. The same should be applied to refund systems.

WA% = MA% = M% -           (1)

WA: avoided waste (%); MA: avoided material (%); M: orig-
inal material (=100%); n: number of reuses and recycling 
loops,
when n=1,   avoidance = 0

The degree of waste avoidance can be calculated us-
ing equation 1: e.g. using a cup eight times means that the 
material saving rate is 87.5% compared to single use cups.

We need to bear in mind that all recycled materials will 
ultimately become waste destined for disposal (Cossu et 
al, 2020; Matasci et al., 2021). According to the Lavoisier 
law, no materials are lost, but are only transformed. Ac-
cording to the second law of thermodynamics, entropy in-
creases with each utilization and recycling step; actually, I 
set entropy up with diffusive pollution i.e. producing non-re-
coverable waste. 

In the official WM hierarchy, waste avoidance assumes 
the highest priority. Numerous regulations to this regard 
have already been issued, including mainly recommenda-
tions with general targets.

However, to foster waste avoidance, regulations, tax-

es, and raising awareness amongst the private, public 
and commercial sectors is necessary: cleaner production, 
material saving and reuse, refund and leasing systems, 
change of habits, digitalization, and development of prod-
ucts that are easier to recycle.  The necessary measures 
are known to us all, but need to be implemented on a large 
scale on a routine basis. Many technical, social, economic 
and logistical aspects need to be taken into account, to-
gether with their effects on emissions, used resources and 
consumption of energy. The use of these tools becomes 
rather complex due to their frequently interrelated nature. 
Life cycle assessment (LCA) may help to validate these 
processes and measures to a certain extent, although 
some modifications may be required as a significant con-
sideration of resource consumption. A new tailormade 
model should be developed for waste recycling and pre-
vention to clarify their relationships and provide trans-
parency. Responsible and effective waste minimization 
concepts can accordingly be developed on this basis and 
achieve individual measures.   

Worldwide, numerous systems, concepts and activities 
of waste avoidance are already in place (Umweltbundesa-
mt, Germany, https://www.uba.de/uba-info-medien/4043.
html). An essential goal of recycling in several countries is 
the diversion of waste from landfills (Zero Waste Landfilling 
- Zaman et al., 2013), although new priorities should be iden-
tified and consideration given to the fact that a sink for the 
final sustainable deposit of residues from CE are likely to be 
required (Cossu and Stegmann, 2019; Cossu et al., 2020).

Used products back to producer and extended pro-
ducer responsibility (EPR)

Avoidance and recycling concepts for all end-use prod-
ucts such as electrical and electronic devices, textiles, fur-
niture, plastic, and metal household products should be 
further developed. 

The author supports a waste avoidance strategy, where 
"all" used products that the owner wishes to dispose of 
should be returned to the producer to reuse the entire prod-
uct, parts or materials. For this purpose, factories should 
implement new product lines for the processing of used 
products into "recycled products" (exchange products). For 
materials that the producer cannot sensibly recycle as a 
second option, external recycling should be considered. 
The remaining non-useable product residues may end up 
as energy sources in MSW incinerators or industrial plants; 
alternatively, these residues will need to be safely land-
filled. The producer must also assume responsibility for 
the remaining residues at their final destination. 

Today, in most cases, the manufacturing industry uses 
third-party companies to recycle materials from their dis-
carded products, e.g., cars. By these means, the producer 
is not obliged to accept responsibility for their products 
once they become waste. It is fundamental therefore that 
the producer be directly encharged with the task of recy-
cling their used products to ensure that the company has 
an invested interest in saving resources and designing and 
manufacturing their products to fulfil the established recy-
cling targets. Accordingly, only products complying with 

M%
n
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the required recycling/reuse targets and identifying the fi-
nal destination of non-useable residues would be able to 
enter the market. 

The Government should be called upon to emanate 
regulations and - dependent on the product group - reuse 
and recycling goals. To a certain extent, similar prescrip-
tions exist for material recycling for cars, electrical and 
electronic products (WEEE directive) and perhaps others, 
but are currently lacking for product or product parts re-
use and recycling. The EU should amend their regulations 
to comprise resource minimization of “all” products. Only 
the implementation of a targeted approach would save 
certain industries from an untimely collapse due to lack of 
resources.

How can this concept be implemented?
Companies often claim that their products are recycled, 

although the amount of product and/or material recovery 
is relatively low. A recycling logo on a product may be mis-
leading because it does not inform us as to the extent and 
quality of recycled materials.  

To provide for a greater transparency over material 
avoidance, I propose the introduction of the Product-Mate-
rial-Avoidance Index (PMAI). The EU-Regulation 2010/30/
EU has introduced an energy label on electrical household 
products that shows qualitatively electrical efficacy for 
household devices (i.e. tumble dryers). By further develop-
ing such a label to document material and product parts 
avoidance rates, companies would need to ensure the 
reuse and recycling of their products. The Product-Mate-
rial-Avoidance Index, PMAI provides details relating to re-
duction of use of virgin materials and substitution of prod-
uct parts. The PMAI would relate to a specific product line, 
such as computers or refrigerators.

Actual material avoidance rates should be calculated 
by considering the number of reuses (equation 1). When 
products or parts of these consist of recycled components 
(e.g. a pump in a washing machine), the manufacturer 
should determine the percentage of avoided product parts. 
Different green color intensities distinguish between vari-
ous product components (e.g., machine parts, electronic 
devices, casing), reused or recycled. The length of the bar 
shows recovery percentages for each category (Figure 1). 

But how can the quality of the recycled materials be 
described? As a first approach, the author proposes three 
quality categories: up-cycling, recycling and down-cycling. 
These categories are related to different intensities of the 
blue color. The number of recycled materials in the three 
types is marked as a percentage of the total material used. 
This approach can be further detailed for the different kinds 
of materials as copper, plastic, etc. Red indicates there is 
no material avoidance i.e., single-use products.

If a producer claims that the detergent bottle consists 
of 100% recycled plastic, the limited reuse potential of plas-
tic material – let’s say seven times - reduces the actual ma-
terial avoidance rate to 86% (equation 1), i.e. the green bar 
becomes a bit shorter. The label on a refrigerator may in-
dicate that the casing consists of recycled material (steel) 
(yellow bar up to 90%) and if – let’s assume - the electrical 
pump is reused once more, the green bar extends to 50%. 

We are well aware that the problem lies in the details, and 
a similar system should probably start first with home util-
ities using a pragmatic, not over-detailed approach. This 
concept should be further developed and tested for prac-
tical application — standardization of the procedure using 
a model is vital.  

Social impact
The options presented here aimed at increasing both 

product and material avoidance and, at the same time, 
waste production, are mainly of a technical and organ-
izational nature. The implementation of this or similar 
concepts implies an inherent need for acceptance by and 
support from society, with politics being called upon to 
implement the regulatory frame for the private, industrial 
and commercial sectors. New waste avoidance concepts 
will result in fewer single-use products, less fast fashion, 
more second-hand products, and more recyclable-friendly 
designs. Subsequent to the required modification of pro-
duction processes, job profiles may change. Since there 
are no visible short-term benefits but rather potential dis-
advantages for society, it is essential to convince people of 
the necessity of such a new concept. 

Why should people buy products made partly from re-
used materials and product parts? First of all, legislators 
will establish a framework implicating the reuse of mate-
rials and mechanical and electrical components for each 
product line (e.g. washing machine) so that all competitors 
produce under the same conditions. In buying secondary 
products, incentives may be represented by lower prices 
with the same guarantee.

Companies’ “green” image will become more and more 
important in achieving better sales performance and higher 
ratings on the stock market (https://youmatter.world/en/–
responsible-companies-perform-better-on-the-stock-mar-
ket/). A recent trend highlights how more people are in-
vesting in companies that care about the environment, 
producing "green" technologies and saving energy and ma-
terial resources. 

The main challenges for producers will lie in the design 
and production of products using a minimal material and 
energy input and the reintegration of the returned used 
products in their production processes. Digitalization, arti-
ficial intelligence and robots may significantly support and 
innovate the necessary actions. New jobs will consequent-
ly be created; the unfailing Yin (阴) and the Yang (阳). 

A recent example may be observed in the presentation 
of a BMW concept car  " iVision Circular", which the produc-
er claims consists of 100% recycled and recyclable mate-
rials. This study shows that, on a general level, this can be 
achieved, although BMW claims that such a car will not be 
available on the market before 2040 (Hamburger Abend-
blatt 18.9.2021). Hopefully, in the meantime, more and 
more parts will be substituted by recycled and recyclable 
materials. Increasing pressure to foster this will need to be 
applied by the public, the scientific field and politics. 

The provision of education and information are funda-
mental, with all educational institutions playing a highly 
important role of responsibility. Numerous activities are 
already in the pipeline, starting from Kindergarten, where 
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kids learn by playing to preserve our environment (de Feo 
et al., 2019). More compulsory courses on environment 
and sustainability should be scheduled in all disciplines 
taught in schools and universities as a kind of “General 
Studies” (Stegmann, 2018).

As has become apparent during the Coronavirus crisis, 
the media play a role of the utmost importance, with a wide 
range of media constantly presenting scientifically correct 
information. An identical approach should also be applied 
to foster waste avoidance. 

Conclusions
A number of individual and commercial recycling initia-

tives have already been implemented: second-hand shops 
have become more popular on the internet; we see more 
detailed collections of used materials and products. Waste 
avoidance includes the use of less packaging and prohibit-
ing plastic materials and products. Other initiatives include 
car-sharing, increased use of bicycles, opposing fast fash-
ion. In addition, many private organizations are actively 
fighting for global change. These "germ cells" are essential 
to spread and actively support material and waste avoid-
ance concepts.

The author keenly promotes of an intensified waste 
minimization by proposing practical ways and procedures 
to achieve increased waste prevention. Together with the 
stakeholders, the scientific community needs to develop 
new ideas and further develop waste avoidance concepts 
in theory and practice. Material and waste prevention 
should be viewed as a new scientific discipline referred to 
as “Resource Prevention Management" - borne by a great 
variety of technical and social disciplines requiring close 
cooperation with industry. Bartl, 2020 provides a graph 
illustrating a high publication rate of scientific papers on 
CE with increasing tendency but very low constant publi-
cations on waste prevention. This neglected discipline 
should encourage us to perform more targeted research in 
the field and adequate funding should be made available.

In the future, major cultural and social changes should 
be expected. There will be less food waste as more people 
tend to eat outside the house or to order food deliveries.  

Due to digitalization, there will be less paper consumption. 
The increasing use of robots may open up new production 
processes and resource recovery procedures. More prod-
ucts will be purchased online, and there will be a tendency 
towards product leasing and home offices. All these as-
pects should be investigated in detail in the new scientific 
discipline of Resource Prevention Management.

Rainer Stegmann
Hamburg University of Technology, Hamburg, Germany
stegmann@tuhh.de
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ABSTRACT
European “Technical Recommendations” have proposed, with the use of substance 
concentrations, the use of a pH (≤2 or ≥11.5) to classify waste for the hazard prop-
erties HP4 ‘Irritant’ and HP8 ‘Corrosive’. The document add unfortunately that the 
buffer capacity must be “not low” to classify as hazardous. Buffer capacity refers to 
a 2018 UK classification guide referring to the ‘corrosive’ level of a method proposed 
in 1988 for substances and preparations but not retained in EU regulations, but well 
in its Guidance. The product method uses the pH unclearly associated or not to a 1% 
concentration. The different methods of classifying products and wastes in terms of 
corrosivity or irritation are expressed as acid/base concentration and compared. The 
“corrosive” level of 1988 corresponds to an average strong acid/base concentration 
≥14.4%, i.e. 14 times less severe than CLP (acid/base concentration ≥0.44-0.15% 
for pH only or ≥1% for pH and concentration). The “pH only” method corresponds to 
the lowest concentration of acid/base and is the most severe. These methods were 
applied to five hazardous alkaline wastes (pH ≥11.5). The “pH only” method is the 
only that classifies all waste in accordance with the European List of Waste. To avoid 
innovation and divergence between products and waste, it seems preferable to use 
the product regulations “pH only” or eventually “pH and concentration” for HP4 and 
HP8. Fortunately, the elimination of the danger HP 4 and HP 8 from acidic or alkaline 
waste can be obtained by neutralization, including for alkaline wastes with CO2.

1. INTRODUCTION
The waste hazard properties HP 4 ‘Irritant’ and HP 8 

‘Corrosive’ are assessed by concentrations of substances 
classified with hazard statement codes H314 1A or 1B or 
1C, H315, H318 and H319, and the corresponding concen-
tration limits (EU 2014). Further, European technical guide-
lines have recently also proposed the use of pH (≤ 2 or ≥ 
11.5) and of acid / base buffer capacity to classify waste 
for the properties HP 4 and HP 8, “where the waste is not 
‘Irritant’ as a result of the known substances and some 
substances are still unknown” (EU 2018). The buffer ca-
pacity limit is not given. However, it is suggested to refer to 
a classification guide from the United Kingdom (UK 2018), 
referring to a method proposed by the soap and detergent 
industry for substances and mixtures in the UK in 1988 
(Young et al. 1988, 1994).

The UK soap and detergent industry developed a meth-
od for substances and mixtures, whose irritant or corro-
sive action through the skin is caused by acidity (pH ≤ 4) 
or alkalinity (pH ≥ 10) associated with a significant buffer 

capacity. This combination of pH and buffering capacity is 
adjusted in order to correspond to experimental data of the 
two reference methods of that time (i.e. by calculation with 
the “R” system and by animal test), and to expert evalua-
tions. This method classifies substances and mixtures into 
three levels: unclassified, irritant (low level) and corrosive 
(high level). The original method proposed in 1988 is pre-
sented and discussed using the raw data from the original 
publication.

The later European Regulation for the classification, 
labelling and packaging of substances and mixtures in 
Europe (CLP 2008) uses the United Nations Global Har-
monized System, thus referring to the hazard statements 
codes “H” of substances and other classification methods 
by calculation. Additionally, when the substances are not 
known in the mixture, mixtures are classified for hazard 
as "Skin corrosives (category 1)" and "Serious eye dam-
age (category 1)", if the pH is ≤ 2 or ≥ 11.5, and the acid or 
base concentration is ≥ 1%. The classification of Young et 
al. (1988) has not been directly included in the CLP but is 
proposed in the Guidance of the CLP (ECHA 2017).
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As mentioned above, a communication from the Euro-
pean Commission (Technical Recommendations, EU 2018) 
suggests combining the pH limits of ≤ 2 and ≥ 11.5 of CLP 
combined with the “non-low” buffer capacity of waste 
(waste then classified as hazardous HP 8 ‘Corrosive’) or 
"low" (waste then classified non-hazardous HP 8, but can 
be classified HP 4), according to the aforementioned UK 
Guide. The threshold for buffer capacity between non-low 
and low values is not indicated, but it is suggested to re-
fer to the UK guide, i.e. to the "corrosive" limit set by the 
Young’s classification.

In this paper, the Technical Recommendations (with 
some hypotheses) are expressed in terms of pH and acid 
or base concentration (rather than a combination of pH and 
buffer capacity) and are compared to the CLP Regulation. 
Five wastes are classified in the two systems and compared. 
The question of the reference method for the comparison of 
conventional classification methods, as for HP 14 ‘Ecotox-
ic’ by list of waste, by calculation and by test, is discussed.

In supplementary information, (i) a simple method for 
determining the concentration of strong acid or base of 
a waste, (ii) the classification of lime, (iii) the harmonised 
classification of the main acids and bases that can be pres-
ent in waste, and (iv) a list of acids and bases with their pKa 
are proposed.

2. MATERIAL AND METHODS
2.1 The classification by composition in substances 
of products (EU 2008) and waste (EU 2014)

The classification of substances and mixtures (called 
here “products”) for Corrosion and Irritancy by composition 
in substances (CLP 2008) is done by route (eye / skin) and 
intensity in the route (irritation / corrosion). On the contrary, 
wastes are classified by intensity: low intensity HP 4 (route: 
skin and eye) and high intensity HP 8 (route: skin) (Table 1). 
There is no categories correspondence. The only match-
ing calculation rule is highlighted in blue in the table. It can 
be useful to have gradual HP 8 “strong” and HP 4 “weak” 
with the same hazard statement codes (the only case in 

the HPs) for the management of hazardous waste by the 
risk, here graduated.

2.2 Classification rules by pH, buffer capacity, and 
acid or base concentration limits (skin and eye cor-
rosion and irritation)

For products, there are additional rules of pH and acid 
/ base concentration for non-additives substances (CLP 
2008, Table 3.2.4): the generic concentration limits of in-
gredients of a mixture for which the additivity approach 
does not apply, that trigger classification of the mixture as 
corrosive/irritant to skin are: Acid with pH ≤ 2, concentra-
tion ≥ 1% (Category 1), and Base with pH ≥ 11.5, concentra-
tion ≥ 1% (Category 1). The same system applies for eye 
exposure. It is not clear (including in the Guidance – ECHA 
2017) if the pH and concentration conditions have to be 
fulfilled simultaneously (AND) or not (OR).

For wastes, the Commission Communication on tech-
nical recommendations concerning the classification of 
waste (EU 2018) proposes a flowchart for the classification 
of waste according to HP 4 and HP 8 which is based first-
ly on the knowledge of the substances of the waste, then 
secondly on taking into account the pH (≤ 2 and ≥ 11.5) 
and the buffering capacity, and thirdly, the performance of 
in vitro tests:

Where the waste is not ‘Irritant’ as a result of the known 
substances and some substances are still unknown, the pH 
value of the waste should be used for assessment (Figure 
10). A waste with a pH ≤ 2 or ≥ 11,5 should generally be con-
sidered HP 8 Corrosive unless both:
• an acid or alkali reserve test suggests that the classifica-

tion as ‘Corrosive’ is not warranted, and 
• further in vitro testing, or existing human experience and 

animal data from single or repeated exposure has con-
firmed that classification as neither ‘Irritant’/‘Corrosive’ 
applies.

But the Figure 14 (p 107) of that document add un-

fortunately that the buffer capacity must be “not low” to 

Hazard Statement Codes PRODUCTS Hazard classes of mixtures

Category (Severity) →
Route of exposure ↓ 

High level
Cat. 1

Low level
Cat. 2

High level Low level

Dermal H314 Skin Corr. 1A, 
1B, 1C

H315 Skin irrit. 2 → « Skin corrosion» 
 ∑ H314 1A ≥ 5 %

∑ H314 1A, 1B ≥ 5 %
∑ H314 1A, 1B, 1C 

≥ 5 %

« Skin irritation» 
H 314 1A,1B, 1C ≥ 1% 

but < 5%.
 ∑ [10*(H314 1A, 1B, 
1C) + H315] ≥ 10 %

Eye H318 Eye dam. 1 H319 Eye irrit. 2 → « Serious eye damage»
∑ (H314 1A, 1B, 1C + 

H318) ≥ 3 %

« Eye irritation»
∑ [(10*H314 1A, 
1B, 1C) + H315 + 

(10*H318) + H 319] 
≥ 10 %

WASTE ↓ ↓

Waste Hazard Property HP 8 ‘Corrosive’
∑ H314 1A, 1B, 1C ≥ 5 %

HP 4 ‘Irritant’
∑ H314 1A ≥ 1 %
∑ H318 ≥ 10 %

∑ (H315 and H319) 
≥ 20 %

TABLE 1: Classification of substances and mixtures (“products”) and waste by hazard statement of substances and calculation. The only 
matching rule is highlighted.
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classify as hazardous. The buffer capacity refers to the UK 
Guide, citing Young et al. (1988). There is no concentration 
limit of buffer capacity indicated in this European docu-
ment. 

Negative conditions should be avoided in classification 
wording since they are more difficult to understand and 
to implement. We understand the conditions mentioned 
above as:

• if pH ≤ 2 or ≥ 11.5, the waste is classified HP 8;
• if pH ≤ 2 or ≥ 11.5 AND the buffer capacity is low AND 

a biotest is negative, the waste is NOT classified HP 8;
• if pH ≥ 2 or ≤ 11.5, the waste is NOT classified HP 8.

A recent study has shown that there is no solution 
with biological tests up till now (Concawe, 2020), so that 
option will not be studied here. Even more, concentration 
limits to assess the result of tests are nor proposed nei-
ther validated by comparison with a reference method 
for waste. Some possible outdated options can be found 

in OECD (1981). The above conditions can then be re-
phrased as:

• if pH ≤ 2 or ≥ 11.5, the waste is classified HP 8;
• if pH ≤ 2 or ≥ 11.5 AND the buffer capacity is high, the 

waste is classified HP 8;
• if pH ≥ 2 and ≤ 11.5, the waste is NOT classified HP 8.

How the first two parallel conditions inter-relate? That 
question will be clarified in this paper (Table 2).

The buffer capacity is a measure of the concentration 
of dissociated acid or base in the mixture at a given pH, by 
titration to a given pH. In this document, the « acid alkali re-
serve » of Young et al. is converted in buffer capacity (BC): 
1 unit Acid Alkaline Reserve AAR = 1 g NaOH/100 g = 0.25 
mol H+ or OH-/kg= 0.25 BC (mol/kg). The buffer capacity is 
measured by titration with a strong base or a strong acid, 
up to a given pH. Young et al. chose pH 4 for the acid do-
main and pH 10 for the alkaline domain. It is considered 
that there is no irritancy or corrosiveness by acidity or al-

Hazard Domain
Conditions to be fulfilled simultaneously

pH Concentration Buffer capacity (mol H+ or OH-/kg)

Products (CLP 2008)

Skin corrosion, Severe eye damage (high level)
Acid ≤ 2 AND? OR? ≥ 1% -

Alkaline ≥ 11.5 AND? OR? ≥ 1% -

Products (ECHA Guidance 2017 3.3.3.2.1.1.)

Skin corrosion, Severe eye damage (high level)
Acid ≤ 2 - -

Alkaline ≥ 11.5 - -

Waste (EC 2018)

HP 8 ‘Corrosive’
Acid ≤ 2 - AND « Not low » as in UK 2018 

Alkaline ≥ 11.5 - AND « Not low » as in UK 2018

HP 4 ‘Irritant’
Acid ≤ 2 - → classify by HP 8

Alkaline ≥ 11.5 - → classify by HP 8

Waste (UK 2018)

HP 8 ‘Corrosive’
Acid ≤ 2 - AND pH - 1/3 BCpH4 ≤ -0.5 (high level of Young)

Alkaline ≥ 11.5 - AND pH + 1/3 BCpH10≥14.5(high level of Young)

HP 4 ‘Irritant’
Acid ≤ 2 - → classify by HP 8

Alkaline ≥ 11.5 - → classify by HP 8

Products (Young et al. 1988)

Expression in buffer capacity*:

Skin corrosive (high level)
Acid ≤ 4 - pH - 1/3 BCpH4 ≤ -0.5

Alkaline ≥ 10 - pH + 1/3 BCpH10 ≥ 14.5

Skin irritant (low level)
Acid ≤ 4 - pH - 2/3 BCpH4 ≤ 1

Alkaline ≥ 10 - pH + 2/3 BCpH10 ≥ 13

Original expression in acid-alkaline ratio AAR*

Skin corrosive (high level)
Acid ≤ 4 - pH - 1/12 AARpH4 ≤ -0.5

Alkaline ≥ 10 - pH + 1/12 AARpH10 ≥ 14.5

Skin irritant (low level)
Acid ≤ 4 - pH – 2/12 AARpH4 ≤ 1

Alkaline ≥ 10 - pH + 2/12 AARpH10 ≥ 13

* Buffer capacity BC (mol H+ or OH- / kg) = 4 x Acid Alkaline Ratio AAR (g NaOH / 100 g) (one unit AAR = 1 g NaOH / 100 g = 10 g NaOH / kg = 0.25 mol OH- 
/ kg = ¼ unit BC)

TABLE 2: Classification of substances and mixtures (“products”) and waste by pH, acid/base concentration, and acid/base buffer capacity.
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kalinity between pH 4 and pH 10. It should be noted that 
these pHs are not the ones chosen flor classification by the 
CLP and for waste.

2.3 Determination of the concentration limits of the 
pH and buffer capacity method by the soap and de-
tergents industry of UK

Numerous substances and mixtures were classified 
according to the two reference methods at that time: sub-
stance properties and concentration (with the previous 
“risk phrase R” system and their concentration limits of the 
Dangerous Preparation Directive EEC 1967), and animal 
test (rabbit eye damages). Their pH and buffer capacity 
were also measured. Empirical concentration limits com-
bining pH and buffer capacity were then adjusted to the 
reference classification data (Figure 1). The obtained cor-
respondence or correlation with the two reference meth-
ods is convincing (Figure 2).

2.4 Reference method for the assessment of the 
buffer capacity classification method, and expres-
sion of the pH and the BC in strong acid/base con-
centration

Classifications are conventional and can always be dis-
cussed as they set punctual limits to continuous variables. 
New classification systems can be built in line with refer-

ence system(s). On the issue of the reference method when 
building a new classification system, Jung et al. (1988) 
adjusted empirically their concentration limits to the refer-
ence methods of their time by concentration and by animal 
tests. For the waste hazard property HP 14, concentration 
limits are proposed for ecotoxicological tests (without pH 
adjustment) by matching with classification by the Europe-
an list of waste of absolute non-hazardous (with control of 
chemical composition) and hazardous waste (Hennebert 
2018). The question is similar here. To assess the Young 
method, we chose as reference method the CLP because it 
is in fact the Global Harmonised System for chemicals of 
the United Nations and has been built by a high-level global 
expertise in toxicology. 

In order to compare methods, their expression must be 
harmonised. The pH, the acid and base concentration, and 
the buffer capacity are functions of each other. The cor-
respondences are easily calculated under the assumption 
that all the acid or the base of the product or the waste is 
in solution in the suspension in water used for the meas-
urement of the pH and the titration of the buffer capacity, 
or equivalently the acids and bases are “strong”. For pH ≤ 2 
and ≥ 11.5, the acids and bases are always “strong”. A list 
of acids and bases with their pKA (the pH at which they are 
50% dissociated) is given in the supplementary information 
section. From the pH to the concentration, the normal con-
centration of acid or base in the 10 l leachate per kg solid 
waste is equal to or greater than log(-pH) = log(-2) for acids 
and log(-pOH) = log(-2.5) for bases. The result in normal 
concentration is expressed per kg waste. From the BC to 
the concentration, the BC (mol H+ or OH-/kg) is a normal 
concentration. The normal concentration is multiplied by 
the mass of one equivalent (the molar mass divided by the 
number of equivalent) to obtain a weight concentration. 
These calculations have been done with 3 strong acids and 
3 strong bases. CaO dissolves only partly at pH > 12 and 
more precise calculations were done with Minteq (free ref-
erence software supported by USEPA). The calculated con-
centration levels are lower than the maximum solubilities 
in water at 25°C (Minteq V3 calculations, not shown), ex-
cepted for the case of lime Ca(OH)2. In the acid domain, the 
buffer capacity of HNO3, HCl, H2SO4 (mean 44.4 g /mol H+) 
is 44.4 g/kg or 4.44% w/w for 1 mol H+/kg. In the alkaline 
domain, the buffer capacity of NaOH, KOH, Ca(OH)2 (mean 
49.5 g /mol OH-) (use of Minteq V3 for partial dissolution of 
Ca(OH)2) is 49.5 g/kg or 4.95% w/w for 1 mol OH-/kg. The 
mean BC of acids and bases is 46.9 g/kg = 4.69% w/w for 
1 mol H+ or OH-/kg.

3. RESULTS
3.1 Comparison of the acid/base concentration pro-
posed for waste classification (EU 2018) and for 
products (CLP 2018)

The buffer capacity (BC) and its relationship with the 
pH of Young – UK Guide– EU Recommendations are ex-
pressed in concentration of strong acids and bases (Table 
3, Figure 3). Reversely, the acid and base concentrations of 
the CLP can be expressed in pH (with a solid-to-liquid ratio 
of 10 l/kg for solids, as in the leaching standard EN 12457-

FIGURE 1: Buffer capacity and pH of 34 substances, classification 
by the R regulation of 1967 (black balls: irritant, white squares: 
corrosive), and proposed pH and buffering capacity limits (black 
straight lines) (Young et al. 1988). Non-classifying limits of pH = 4 
and pH = 10 are added as blue vertical lines – the labels “irritant” 
should move to the left and to the right.
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2) and buffer capacity. The ‘irritant domains’ of Young are 
not used in the recommended waste classification and 
are not presented in the table. The ‘corrosive domains’ of 
Young corresponds to BCs > 3 mol/kg, by the presence of 
strong acids and bases), to a concentration of strong acids 
≥ 15.2% and a concentration of strong base ≥ 13.6%, and 
to the pHs ≤ 0.5 or ≥ 13.1. The mean concentration of acid 
and bases is 14.4%. 

The waste classification conditions for HP 8: 

• if pH ≤ 2 or ≥ 11.5, the waste is classified HP 8;
• if pH ≤ 2 or ≥ 11.5 AND the buffer capacity is high, the 

waste is classified HP 8;
• if pH ≥ 2 and ≤ 11.5, the waste is NOT classified HP 8 

by the pH.

Can then be rephrased as:

• if pH ≤ 2 or ≥ 11.5, the waste is classified HP 8;
• if 2 ≤ pH ≤ 11.5, the waste is NOT classified for HP 8 by 

the pH (and the buffer capacity).

Named here “classification by pH only (BC de facto ful-
filled)” since the condition of BC is always fulfilled when 
the conditions of pH are fulfilled, these re-expressed calcu-
lation rules have the important advantages of (i) chemical 
consistency, (ii) non-divergence between waste and prod-
uct classification, and (iii) simplicity.

3.2 Comparison of the acid/base concentration pro-
posed for waste classification (EU 2018) and the 
harmonised classification of strong acids and bases 
(CLP 2018) 

The detailed hazard statements of the acids and bas-
es that can be found in waste are given in Supplementary 
Information, with a list of pKa and pKb of numerous acids 
and bases (the pH with 50% dissociation of the acid and 
base). For three common strong acids and base, the haz-
ard statement code, the waste hazard calculation, and the 
concentration limit are presented in Table 4. The concen-
tration limits for the waste HPs are 1% for HNO3, H2SO4, 
NaOH and KOH, 5% for HCl, and 10% for CaO/Ca(OH)2. It 

FIGURE 2: Correspondence between two reference methods and the adjusted pH-buffer capacity of substances and mixtures (recalculat-
ed from Young et al. 1988). The number of samples of each category is labelled.

Classification
  Rules (yellow) Corresponding calculated pH, concentration 

and BC for direct comparison

Domain pH Concentration 
limit (data) BC mol/kg   pH 10 l/kg Concentra-

tion limit 
BC mol/kg (up to pH 4 or 

down to pH 10)

Products CLP High level
Acid ≤ 2 Undefined → ≤ 2 ≥ 0.44% ≥ 0.10

Alkaline ≥ 11.5 Undefined → ≥ 11.5 ≥ 0.15% ≥ 0. 03

Products CLP High level
Acid ≥ 1% Undefined → ≥ 1% ≥ 0.21

Alkaline ≥ 1% Undefined → ≥ 1% ≥ 0.23

Product Young 1988 
Corrosive
Waste Recommended UK 
2018 HP 8
Recommended EU 2018 
HP 8

Acid ≤ 4 Undefined pH – 1/3 
BCpH4 ≤ -0.5 → ≤ 0.5 ≥ 15.2% ≥ 3.06

Alkaline ≥ 10 Undefined pH + 1/3 BC 

pH10 ≥ 14.5 → ≥ 13.1* ≥ 13.6% ≥ 3.05

* Note: NaOH, KOH = pH 13.5, Ca(OH)2 (partial dissolution) = pH 12.4, mean pH = 13.1

TABLE 3: The pH, the acid/base concentration, and the buffer capacity (BC) for the classification of products (skin corrosion, severe eye 
damage) and the recommended classification of waste for the hazard property HP 8 ‘Corrosive’. Yellow: classification rule, orange: calcu-
lated corresponding pH, concentration and BC.
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should be noted that these substances (excepted CaO and 
Ca(OH)2) have specific concentration limits in the product 
CLP regulation (with graduated concentrations and hazard 
statements, the lowest being for HNO3 and H2SO4 5%, HCl 
10%, NaOH and KOH 0.5%) (see supplementary informa-
tion). The specific concentration limits of substances do 
not apply to waste. In summary, all these concentrations 
are lower than the 14.4% suggested by Young et al. (1988) 
and proposed to be used in waste classification (EU 2018), 
the latest being here also less severe.

3.3 Correspondence of classification with the CLP 
and the EU Technical Recommendations for 5 
wastes

The pH (L/S = 10 l/kg) and the buffer capacity of five 
alkaline waste (fly ashes and air pollution control residues) 
have been measured. The buffer capacity is converted 
into base concentration using 0.044 kg acid/equivalent, as 
explained above. These wastes were classified by (i) the 
product or waste method by pH only (BC de facto fulfilled) 
(CLP 2008) and (ii) by pH and concentration of 1% (CLP 
2008), and (iii) by the Technical Recommendations for 
waste classification (EU 2018) (Table 5, Figure 4). The two 
last classification systems correspond for low and high 
pHs and BCs (sample 1 and 3, 4, 5), but not for the interme-
diate pH and BC (sample 2).

The classification with pH only (BC de facto fulfilled) 
classifies all waste HP 8. pH and 1% concentration sys-
tem is less severe (sample 1 is not classified hazardous). 
The BC system is the less severe (samples 1 and 2 are 
not classified hazardous). It should be noted that the air 
pollution control residues are classified as “absolute haz-
ardous” in the European List of Waste. The classification 
with the pH only (BC de facto fulfilled) match with that 
reference method.

3.4 Correspondence of the different classification 
systems for irritancy and corrosiveness

The chronology and the correspondences and differ-
ences of the systems that were used and are used are pre-
sented in Figure 5. The proposed system for waste uses a 
concentration of 14% of acid or base, which is an obvious 
discrepancy (very highly less severe) between products 
and waste, not favourable to the smooth flow between 
waste status and product status that should exist in the 
circular economy. In order not to innovate and create a new 
divergence between products and waste, it seems prefer-
able to use the product regulation for waste classification 
for HP 4 and HP 8.

Classifying waste with a concentration of acid or base > 
1% or lower with the “pH only” rule rather than 14% as haz-
ardous is a supplementary burden for their management. 

FIGURE 3: The pH - buffer capacity domain of irritancy and corrosiveness of Young et al. 1988, expressed in buffer capacity (left) and 
acid/base concentration (right). The blue points correspond to the classification of products in the CLP, and the yellow and red points to 
classification as irritant and corrosive by Young et al. (1988).

Acid domain Alkaline domain Hazard statement 
code

Waste Hazard property, classification 
rule and concentration limit

Lowest Concentration limit for hazard-
ous waste

HNO3, H2SO4 NaOH, KOH H314 1A HP 4 A: ∑ H314 1A ≥ 1%
HP 8 A: ∑ H314 ≥ 5% HP 4: 1%

HCl H314 1B HP 8 A: ∑ H314 ≥ 5% HP 8: 5%

CaO, Ca(OH)2 H318 H315 HP 4 B: ∑ H318 ≥ 10% 
HP 4 C: ∑ H315 and H319 ≥ 20% HP 4: 10%

TABLE 4: Concentration limit of strong acids and bases by the harmonised classification of substances of the CLP and the classification 
rules for HP 4 and HP 8.
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Fortunately, the elimination of the hazardous nature HP 
4 and HP 8 from acid or alkaline waste can be obtained 
by neutralization (possibly by waste of the other acid/alkali 
domain), as done in specialised hazardous waste manage-
ment facilities, before stabilisation/solidification and land-
filling in dedicated landfills. Neutralisation of acid waste 
or alkaline waste is not done to dilute the hazardous con-
centration and to change the classification and the man-
agement of the waste to a lower demanding level, but well 
to destroy the hazard, as well as incineration for organic 
substances.

Another option for alkaline waste is the (natural) car-
bonation by atmospheric CO2 in presence of soluble calci-
um, to precipitate the carbonate of the liquid phase to the 
solid phase and decrease the pH potentially up to the pH 
8.5 (the pH of limestone in water) if the alkaline metals Na 
and K are washed out. This beneficial process is used for 
instance for the “maturation” of bottom ash from house-

hold waste incineration and the carbonation of red mud 
from alumina production.

4. CONCLUSIONS
The product system is not clear between two options: 

pH ≤ 2 or ≥ 11.5 OR concentration ≥ 1% (with a correspond-
ing concentration of strong acid and base of 0.44 and 
0.15%, respectively), or pH ≤ 2 or ≥ 11.5 AND concentration 
≥ 1% (with a corresponding pH ≤ 1.7 or ≥ 12.4). It should be 
made clear what is the official option. 

The "irritant" low level of Young's classification (1988, 
1994), not proposed in the UK guide and EU recommen-
dations, corresponds to pH ≤ 1.3 and ≥ 12.7, and average 
concentrations of acid and base ≥ 2.3%, which is a classifi-
cation approach half as severe as the CLP.

The "corrosive" high level of Young et al. proposed for 
waste classification as a second compulsory condition 
(EU 2018) corresponds on average with 3 strong acids 
(HCl, HNO3 and H2SO4) and 3 strong bases (NaOH, KOH 
and Ca(OH)2) to pH ≤ 0.5 and ≥ 13.5, respectively, and at 
an average to an acid and base concentrations ≥ 14.4%. 
Therefore, Young’s classification is very much less severe 
than the product’s system CLP: much more acid or base is 
necessary to be hazardous. That condition in the “Techni-
cal Recommendations” should be withdrawn.

These propositions have been applied to five air pol-
lution control residues (pH ≥ 11.5) which have been ana-
lysed and classified according to the different rules. These 
wastes are “absolute hazardous” in the European list of 
waste. The only method that classifies the five waste as 
HP 8 is the simplest one: pH ≤ 2 or ≥ 11.5 . Addition of the 
requirement of a “not low” buffer capacity (corresponding 
to a concentration ≥ 14.4%) do not classify as hazardous 
two of the five wastes. 

In order not to innovate and create a new divergence 
between products and waste (as observed in one of the 
five wastes studied), it seems preferable to use the simple 
product first option: pH ≤ 2 or ≥ 11.5 .

Elimination of the hazardous nature HP 4 and HP 8 
from acid or alkaline waste can be obtained by neutrali-
zation (possibly by other waste in specialised waste treat-

Sample
Analyses

Calculated 
strong base 
concentration 
correspond-
ing to the 
measured BC 
(0.044 kg/eq)

Waste classification by 
pH (EU Recommenda-
tions 2018) or Product 
classification by pH (CLP 
2008, ECHA 2017) = 
classification by pH only 
(BC de facto fulfilled)

Product classification by pH 
AND 1% concentration (CLP 
2008)

Classification by pH AND 
pH+BC high limit (UK guide 
2018 suggested in EU Rec-
ommendations 2018)

Initial pH BCpH 10 (mol/kg) % pH ≥ 11.5 AND concentration ≥ 1% HP 8 if pH + 1/3 PT ≥ 14.5

1 11.7 0.05 0.2% HP 8 Unclassified Unclassified

2 12.4 0.7 3.1% HP 8 Skin corrosion, Severe eye dam-
age (high level) Unclassified

3 12.6 7.1 31.5% HP 8 Skin corrosion, Severe eye dam-
age (high level) HP 8

4 12.6 8.7 38.5% HP 8 Skin corrosion, Severe eye dam-
age (high level) HP 8

5 12.8 7.4 32.9% HP 8 Skin corrosion, Severe eye dam-
age (high level) HP 8

TABLE 5: Analyses and classification of 5 waste (fly ashes, air pollution control residues) with the waste pH system, the product system 
and the proposed BC waste system (BC = buffer capacity).

FIGURE 4: pH and base concentration of 5 wastes in the proposed 
classification system for waste (EU 2018).
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ment facilities), including for alkaline waste by (natural) 
carbonation by atmospheric CO2. This beneficial process is 
used for instance for the “maturation” of bottom ash from 
household waste incineration and the carbonation of red 
mud from alumina production.

A simple method determining the strong acid or base 
concentration of a waste is proposed in supplementary in-
formation.
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1. SUPPLEMENTARY INFORMATION

1.1 Proposal for a method measuring the concentration of strong acid or strong base in a waste
A method for products is described in OECD (2013). For waste, using classical waste methods, the concentration and 

identification of strong acids or bases can be done as follows:

1. Measurement of the pH of liquid waste or of a suspension in water of solid waste at 10 litres / kg of dry matter (EN 
12457-2, without liquid / solid separation) after 1 h of equilibration;

2. If the pH ≤ 2 or ≥ 11.5, measure the buffering capacity of the liquid waste or of the suspension of solid waste by titration 
with a base up to pH 4 or a strong acid up to pH 10, with 48 h. balancing (EN 14997 leaching at different pH, used in 
titration mode up to pH 4 or pH 10).

3. Preparation of a leachate (EN 12457-2 with liquid / solid separation) on a separate sample and measurement of pH, 
electrical conductivity, TOC, anions and leachable cations.

The quantity (in equivalent) of strong acid or strong base of the sample is equal to the buffering capacity of the sample 
up to pH 4 or pH 10. The nature of the acid (s) and bases is determined by the majority anions and cations measured in 
the leachate. The amount in acid or base equivalent is then expressed as a substance concentration, using the molecular 
weight and the number of acid or alkali equivalents of the substance (s) identified.

In a simplified mode (without determining the acid or the base):

1. Measure the pH
2. Measure the buffering capacity
3. Express the buffering capacity in concentration of acid or base by multiplying by the mass of an equivalent of acid or 

base chosen (1 mol H + or OH- / kg ≈ 4.5% acid or base)
4. This approach does not give information on substances (with their specific approach like lime) and will not be available.

1.2 Special case of lime
1.2.1 Hazard statements for quicklime and slaked lime (self-classification) and (EC Technical Recommendations 2018)

The presence of free lime (quick or slaked) results in a pH of around 12.5. Quicklime and slaked lime are not classified 
by the CLP regulation. The data for self-classification are as follows (Table SI 6).

Waste containing 10% lime will therefore be classified HP 4 Irritant ’and waste containing 20% lime will be classified HP 
4 ‘ Irritant ’ and HP 5 ‘Harmful - Single target organ toxicity / aspiration toxicity’.

Note: Absolute "non-hazardous" entries in the European list of wastes containing lime should not be reclassified by 
composition, such as steel mill slags.

1.3 Classification of main acids and bases (CLP)
The table shows the harmonized classification of strong acids and strong bases that may be present in the waste. The 

last column gives for information the specific concentration limits in preparations and substances, which do not apply to 
the classification of waste. For the same substance in a preparation, the hazard statements depend on the concentrations.

International 
Chemical 
Identification

CAS No Hazard Class and 
Category Code(s)

Hazard 
Statement 
Code(s)

Source Concentration limits Waste 2014

calcium oxide 1305-78-8 Eye Dam. 1
Skin Irrit. 2 
STOT SE 3 respiration

H318
H315
H335

https://echa.europa.eu/brief-profile/-/
briefprofile/100.013.763 

HP 4 Irritant: ∑ H318 ≥ 10%
HP 4 Irritant: ∑ (H315 H319) ≥ 20%
HP 5 STOT: max H335 ≥ 20%

calcium 
dihydroxide

1305-62-0 Eye Dam. 1
Skin Irrit. 2 
STOT SE 3

H318
H315
H335

https://echa.europa.eu/brief-profile/-/
briefprofile/100.013.762 

HP 4 Irritant: ∑ H318 ≥ 10%
HP 4 Irritant: ∑ (H315 H319) ≥ 20%
HP 5 STOT: max H335 ≥ 20%

STOT = single target organ toxicity/aspiration toxicity

TABLE SI 6: Properties of quicklime and hydrated lime according to the registrants in the registration dossier with ECHA and classification 
rules and concentration limits applicable to waste.
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Index No International Chemical 
Identification EC No CAS No Hazard Class and 

Category Code(s)
Hazard Statement 
Code(s) Specific Conc. Limits, M-factors

017-002-01-X hydrochloric acid ... % 231-595-7   STOT SE 3 
Skin Corr. 1B

H335 
H314

Skin Corr. 1B; H314: C ≥ 25% 
Skin Irrit. 2; H315: 10 % ≤ C < 25% 
Eye Irrit. 2; H319: 10 % ≤ C < 25% 
STOT SE 3; H335: C ≥ 10%

009-003-00-1 hydrofluoric acid ... % 231-634-8 7664-39-3 Acute Tox. 1 
Acute Tox. 2 * 
Acute Tox. 2 * 
Skin Corr. 1A

H310 
H330 
H300 
H314

Skin Corr. 1A; H314: C ≥ 7% 
Skin Corr. 1B; H314: 1 % ≤ C < 7% 
Eye Irrit. 2; H319: 0,1 % ≤ C < 1%

007-004-00-1 nitric acid ...% 231-714-2 7697-37-2 Ox. Liq. 2 
Skin Corr. 1A

H272 
H314

Ox. Liq. 2; H272: C ≥ 99% 
Ox. Liq. 3; H272: 65% ≤ C < 99% 
Skin Corr. 1A; H314: C ≥ 20% 
Skin Corr. 1B; H314: 5% ≤ C < 20%

015-011-00-6 phosphoric acid ... %, 
orthophosphoric acid 
... %

231-633-2 7664-38-2 Skin Corr. 1B H314 Skin Corr. 1B; H314: C ≥ 25% 
Skin Irrit. 2; H315: 10 % ≤ C < 25% 
Eye Irrit. 2; H319: 10 % ≤ C < 25%

016-020-00-8 sulphuric acid ... % 231-639-5 7664-93-9 Skin Corr. 1A H314 Skin Corr. 1A; H314: C ≥ 15% 
Skin Irrit. 2; H315: 5% ≤ C < 15% 
Eye Irrit. 2; H319: 5% ≤ C < 15%

007-001-01-2 ammonia ....% 215-647-6 1336-21-6 Skin Corr. 1B 
Aquatic Acute 1

H314 
H400

STOT SE 3; H335: C ≥ 5%

011-002-00-6 sodium hydroxide; caus-
tic soda

215-185-5 1310-73-2 Skin Corr. 1A H314 Skin Corr. 1A; H314: C ≥ 5% 
Skin Corr. 1B; H314: 2% ≤ C < 5% 
Skin Irrit. 2; H315: 0,5 % ≤ C < 2% 
Eye Irrit. 2; H319: 0,5% ≤ C < 2%

011-005-00-2 sodium carbonate 207-838-8 497-19-8 Eye Irrit. 2 H319  

019-002-00-8 potassium hydroxide; 
caustic potash

215-181-3 1310-58-3 Acute Tox. 4 * 
Skin Corr. 1A

H302 
H314

Skin Corr. 1A; H314: C ≥ 5% 
Skin Corr. 1B; H314: 2% ≤ C < 5% 
Skin Irrit. 2; H315: 0,5% ≤ C < 2% 
Eye Irrit. 2; H319: 0,5% ≤ C < 2%

TABLE SI 7: Specific concentration limits in preparations and mixtures (harmonized classification of substances, CLP 2008).

There is no harmonized classification for magnesium oxide, hydroxide and carbonate. By default, the hazard state-
ments of the corresponding calcium species could be used (Table SI 7).

1.4 List of acids and bases and pKa and pKb
The pKa is the pH to which 50% of the acid or base is dissociated, or the pH of which the concentration of the acid form 

equals the concentration of the conjugate base. The basics of chemistry tell us that:

Ka = [A-] [H +] / HA
[H +] = Ka [HA] / [A-]
pKa = log [A-] + log [H +] - log [HA]
pH = log [A-] - log [HA] - pKa

The colors correspond to the extended pH ranges of one unit (acid / conjugate base ratio = 1/10, i.e. one logarithmic 
unit) (Table SI 8).
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Acid Conjugated base pKa Domain pH ≤ 2 or ≥ 11.5 (CLP), domain ≤ 4 
or ≥ 10 (Young et al. 1988) Note

HI I- -11 Those acids should be considered for 
HP 4 and HP 8

HBr Br- -9

HClO4 ClO4- -8

HCl Cl- -7

H2SO4 HSO4- -3

HNO3 NO3- -1.64

H2CrO4 HCrO4- -1

H3PO2 H2PO2- 1.1

H2C2O4 HC2O4- 1.2

H3PO3 H2PO3- 1.8

HSO4- SO4-- 1.9

pH 2

H3PO4 H2PO4- 2.1

H3AsO4 H2SO4- 2.2

HF F- 3.2

HNO2 NO2- 3.4

HCOOH COOH- 3.8

pH 4

C6H5COOH C6H5COO- 4.2

CH3COOH CH3COO- 4.75

CH3CH2COOH CH3CH2COO- 4.9

H2PO3- HPO3-- 6.2

H2CO3 HCO3- 6.33

HCrO4- CrO4-- 6.5

H2AsO4- HAsO4-- 7

H2S HS- 7

H2PO4- HPO4-- 7.2

NH4+ NH3 9.2

HCN CN- 9.3

H3AsO3 H2ASO3- 9.5

H2SiO3 HSiO3- 9.9

pH 10

C6H5OH C5H5O- 10

HCO3- * CO3-- 10.33

pH 11.5

HAsO4-- AsO4--- 11.5 Those bases should be considered 
for HP 4 and HP 8

Ca(OH)+ ** Ca++ + OH- 11.57  

HPO4-- PO4--- 11.9

Ca(OH)2 ** Ca(OH)+ + OH- 12.63  

HS- S-- 13

NaOH Na+ + OH- 14.56

KOH K+ + OH- 14.7

* Na2CO3 saturated in deionised water = pH 11.42 (Minteq V3 calculation)
** Ca(OH)2 (Portlandite) saturated in deionised water = pH 12.44 (Minteq V3 calculation)

TABLE SI 8: XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX.
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ABSTRACT
Plastics containing brominated flame retardants (BFR) currently contain both “leg-
acy” regulated and non-regulated BFR (R-BFRs and NR-BFRs), as evidenced by the 
increasingly lower correspondence over time between total bromine and R-BFRs 
content. The portion of substitutive NR-BFR present in the plastics and their toxic-
ity and ecotoxicity properties are documented. Data relating to plastics and foam 
present in electrical and electronic equipment (EEE), waste EEE, vehicles, textiles 
and upholstery, toys, leisure and sports equipment show how 88% of plastic waste 
contains bromine from NR-BFRs. BFR substances mentioned in the catalogs of the 
three main producers (Albemarle, ICL, Lanxess) and BFR on the official used list of 
418 plastic additives in the EU were gathered and the toxic and ecotoxic properties 
of these compounds as listed in their ECHA registration dossier were compiled. Fif-
ty-five preparations using 34 NR-BFRs substances, including polymers and blends, 
were found. Seventeen of these substances featured an incomplete dossier, 12 
were equipped with a complete dossier, whilst 11 substances (including 2 ill-defined 
blends) should be reassessed. Eight substances have been notified for assessment 
by the ECHA as persistent, bioaccumulative and toxic, or as endocrine disruptors, in-
cluding decabromodiphenylethane; 3 substances display functional concentrations 
(the concentration of additives that retards flame) exceeding the concentration lim-
its classifying a waste as hazardous but are “reactive” (they bind to the polymer). The 
technical limit of 2 000 mg total Br/kg indicated for further recycling (EN 50625-3-1) 
relates to all brominated substances and is relevant in the sorting of all poorly clas-
sified new substances.

1. INTRODUCTION
Some plastic constituents of products include flame re-

tardant compounds to protect the users against fire: elec-
trical and electronic equipment, automotive and transport 
vehicles, construction piping and insulating material, furni-
ture foams and upholstery, professional textiles, and many 
others. They are used in functional concentrations ranging 
from 3 to 15% w/w, with up to 30% tetrabromobisphenol A 
in epoxy resins (Haarman et al. 2020). Animals and people 
are exposed. For instance, Brominated flame retardants 
(BFRs), including polybrominated diphenyl ethers (PBDEs), 
1,2-bis (2,4,6-tribromophenoxy) ethane (BTBPE), decabro-
modiphenyl ethane (DBDPE), and polybrominated biphe-
nyls (PBBs) were found in children’s toys purchased from 
South China, but it accounts for a small proportion of their 
daily BFR exposure (Cheng SJ et al. 2009). Lower use of 
flame retardants with the same fire protection are consid-
ered (Charbonnet et al. 2020). While many of the toxic FRs 

have been eliminated and replaced by other FRs, existing 
products containing toxic or potentially toxic chemical FRs 
will remain in use for decades, and new products contain-
ing these and similar chemicals will permeate the environ-
ment. When such products reach the end of their useful 
life, proper disposal methods are needed to avoid health 
and ecological risks (Lucas et al., 2018).

Low concentrations of bromine and (regulated R- or 
non-regulated NR-) brominated flame retardants (ineffec-
tive for flame retardancy) are also found in plastics due to 
improper recycling, showing that a circular economy must 
be controlled to avoid looping unwanted substances (Hen-
nebert 2020).

Brominated flame retardants (BFRs) are numerous. 
So far, the regulated BFRs (R-BFRs), according to the Reg-
ulations 2004/850/EC on Persistent Organic Pollutants 
(POPs) and 2008/98/EC, are: 

• Polybromobiphenyls (PBBs – hexabromobiphenyl 50 
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mg/kg);
• Polybromodiphenylethers (PBDEs - mainly decabro-

modiphenylether decaBDE – sum 4-, 5-, 6-, 7-, 10-BDE 
1 000 mg/kg);

• Hexabromocyclododecane (HBCDD 1 000 mg/kg) and 
• Tetrabromobisphenol A (TBBPA 2 500 mg/kg). 

Currently, PBBs are no longer found in plastic waste. 
For some years, PBDEs were largely replaced by decabro-
modiphenylethane: the substitution is now complete since 
the inclusion of decaBDE in the POPs list in 2019. DecaBDE 
still has exemption in the Stockholm Convention including 
certain EEE and is still produced and used. TBBPA is used 
in polyester and polycarbonate resins, typically for electri-
cal and electronic equipment, and HBCDD was used up to 
2014 in Europe but is still produced in China and is found 
only in expanded or extruded polystyrene. Most of HBCD 
containing insulation used in construction the last 40 years 
is still in use and will end the next 50 or even 100 years in 
construction and demolition waste polymers.

The recycling of the plastics must start with a separa-
tion of the plastic pieces/shreds with these R-BFRs that 
have a concentration above the concentration limit. Sort-
ing of these plastics is performed by surrogate methods: 
atomic density (by X-ray transmission) or solid density 
(by flotation). A technical specification of the European 
standardization committee set the limit of 2,000 mg Br/
kg as the maximum content for recycling (EN 50625-3-1). 
If legacy additives are removed and destructed safely, a 
recycling technology provides a method to manage such 
waste streams in an environmentally friendly and econom-
ically feasible manner. Therefore, it is important that either 
recyclers commit and adopt the concept of decontamina-
tion, by sorting or solvent based technologies (Wagner and 
Schlummer 2020).

Brominated plastics now contain both “legacy” regu-
lated and non-regulated BFRs, as is evidenced by the in-
creasingly lower correspondence, with time, between total 
bromine and R-BFRs content (Haarman et al. 2020). There-
fore the question arise to what extent is the part of the 
substitutive BFR in plastics? And what are the toxicity and 
ecotoxicity properties of these substitutes? As substitution 
is going faster than classification and regulation, and as 
substances with similar structure are used (for instance 
decabromodiphenylethane replacing decabromodipheny-
lether), all these new BFRs should be investigated and their 
properties assessed and published to avoid regrettable 
substitutes (Fantke et al. 2015). This paper investigates 
the substitutes’ declared chemical properties on human 
health and the environment in ECHA registration dossier.

2. MATERIAL AND METHODS
2.1 Assessment on R-BFRs and NR-BFRs in WEEE 
plastic

The substituting NR-BFRs are not measured during rou-
tine quality control. Nevertheless, they can be assessed by 
the difference between total bromine and the bromine from 
regulated BFRs (R-BFRs), which are routinely measured. 
Sample preparation of plastic shreds is done according to 

EN 15002. Total bromine is measured by ionic chromatog-
raphy after combustion in an oxygen bomb. The R-BFRs are 
measure according to EN 62321-6.

Data from plastics and foam for electrical and elec-
tronic equipment (EEE), EEE waste, vehicles, textiles and 
upholstery, toys, leisure and sports equipment have been 
gathered, with detailed various origin (Hennebert 2020). 
Probably, the oldest wastes are cathode ray tubes (CRT), 
produced about 30 years ago. Some samples are individu-
al particles or articles, and others are composite samples 
with or without “enough” particles to be representative of 
the waste lot to be characterized (Hennebert 2019, Hen-
nebert and Beggio 2021, Beggio and Hennebert 2021). 
Here, the representativity of the laboratory sample is not 
a challenge, since only paired data (R-BFRs and Br) have 
been used, measured on the same particle/article or lab-
oratory sample (after pre-treatment). The mean stoichio-
metric Br concentration in the different R-BFRs is 76% w/w. 
DecaBDE, by far the most present R-BFRs, has a mean Br 
concentration of 83% w/w. The corresponding reverse ra-
tios R-BFRs/Br are 1.31 and 1.20, respectively.

2.2 Approach to compile the list of BFRs and source 
information on REACh properties

The BFR substances mentioned in the catalogs of the 
three main producers in industrial countries (Albemarle, 
ICL, Lanxess) were listed and their declared chemical prop-
erties on human health and the environment, as stated in 
their European ECHA registration dossier (https://echa.
europa.eu/information-on-chemicals), were gathered. The 
large production in China (> 50% of all BFRs) has not been 
documented. The 9 brominated flame retardants from the 
list of the 418 “Plastic Additives Initiative” (a common list 
by ECHA and industry of additives used in quantity more 
than 100 tons per year in the EU) presently used in the EU 
(https://echa.europa.eu/mapping-exercise-plastic-addi-
tives-initiative#table) have also been used. 

3. RESULTS AND DISCUSSION
3.1 Monitoring of the share of R-BFR and NR-BFRs 
in WEEE plastic

For clarity, all the measured R-BFRs are summed. As 
explained, in practice, PBBs are not found, decaBDE is 
dominant in the PBDEs (>90% R-BFRs), HBCDD is present 
in expanded EPS (and not mixed with the other R-BFRs), 
and TBBPA is sometimes present. In these data, not all the 
R-BFRs were measured for all the samples, but PBDEs and 
especially decaBDE have always been measured. Total bro-
mine has been measured by XRF for particles or articles, or 
after shredding, combustion in an oxygen bomb and ionic 
chromatography for the composite samples. R-BFRs have 
been measured by standardized chromatographic meth-
ods (Figure 1, Table 1).

The stoichiometric ratio R-BFRs/Br is 1.31 for all 
R-BFRs, and for decaBDE it is 1.20. Considering sampling 
and analytical variability, this range can be extended [1;1.5] 
(vertical lines in Figure 2). Only 8% of the plastics have a 
concentration of R-BFRs between 1 and 1.5 times the con-
centration of bromine in this set of data. 88% of plastic 
waste contains bromine from BFR(s) other than the reg-
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ulated ones. Only 4% of the data have a concentration of 
R-BFRs greater than 1.5 times the concentration of Br (with 
maximum R-BFRs = 1 135 mg/kg). This discrepancy is due 
mainly to sample preparation (i.e. the test portions of 1 
gram that is used for Br and for R-BFRs measurement do 
not have the same composition), and secondarily to ana-
lytical variability (CVanalysis of R-BFRs = 13%, Hennebert 
2019).

3.2 REACh evaluation status and hazard information 
of NR-BFRs substitutes

55 preparations using 34 BFR substances (other than 
the regulated ones) can be found in the catalogs of the 
three main producers, consulted in November 2019, and in 
the list of 418 additives. A summary is presented in Table 
2 and Figure 3 and will be discussed first. Detailed results 
per substance are presented in Table 3.

The 2 R-BFRs and 7 NR-BFRs declared in the list of 418 
additives actually used in the EU is presented in Table 4. It is 
not explained on the ECHA site why the two R-BFRs HBCDD 
and DecaBDE are included. The initiative started in 2016 
and the excel file was published in 2019. The 7 NR-BFRs 
are included in Group 3 or Group 4 of the list established 
from the producer’s catalog (Table 3). The correspondence 
is presented in the second column of Table 4.

Some substances (frequently proprietary) have no CAS 
number and hence no dossier can be found in the ECHA 
site (called here Group 1). Three of these substances are 
declared as not registered for sale in Europe. Another 
group of substances has a CAS number but has not been 

declared to ECHA and has no dossier (Group 2). Another 
group of substances has a CAS number and a dossier, but 
no hazard statement codes (HSC) (Group 3). Most of their 
registration dossier items are just filled in as “information 
non available – n.a.”. A fourth group of substances has a 
CAS number, a more complete dossier, and a HSC (Group 4).

The groups are the following (Table 3):

• Group 1: 10 substances have no CAS number and no 
dossier in ECHA, among which 3 substances are not 
registered for sale in Europe and thus logically without 

Parameter Unit n Minimum Median Mean Maximum Standard 
deviation CV

Br mg/kg 286 <10 596 7196 139000 14962 2.08

Sum R-FBRs mg/kg 286 <10 18 3483 89200 10258 2.95

R-BFRs / Br - 216 0.00 0.20 0.41 2.97 0.50 1.21

TABLE 1: Distributions of Br, R-BFRs and R-BFRs / Br ratio (CV coefficient of variation = relative standard deviation RSD = standard devi-
ation/mean).

FIGURE 2: Distribution of individual R-BFRs/Br ratio (only data > 
LOQ) with practical R-BFRs/Br ratio including sampling and an 
analysis variability of 1 (orange) and 1.5 (grey)..

FIGURE 1: Regulated brominated flame retardants (R-BFRs) as a function of total bromine content (left) and the same data with Br ≤ 5,000 
mg/kg (right), with stoichiometric ratio R-BFRs/Br of 1.20 w/w (orange line) and 1.31 w/w (grey line).
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a dossier, 4 substances are declared as polymeric or 
an end-capped polymer (that have not been declared in 
the REACh system) and one substance is in pellet form 
(decabromodiphenylethane, the classical substitute 

of banned decabromodiphenylether, which has a CAS 
number and a dossier, and is further detailed in Group 
3). The remaining 2 substances are “Blend brominat-
ed flame retardant, diol, phosphate ester” and “Blend 
brominated flame retardant, halogen, phosphorus”. 
Mixtures have not been declared, but their substances 
have. It is not known if the unnamed individual sub-
stances of these blends are registered;

• Group 2: 2 substances that have a CAS number but no 
dossier. These substances are polymers or building 
blocks for a polymer, that have not been declared in the 
REACh system; 

• Group 3: 10 substances that have a CAS number and 
a dossier but without hazard statements and there-
fore not classified. The ECHA has, however, placed 6 
of these substances on the PBT and/or ED list (“under 
evaluation as persistent, bioaccumulative and toxic” 
and “being assessed as an endocrine disruptor”). The 
most common result of these re-evaluations is that 
the substances are assessed as hazardous, and that 
the registration dossier must be modified. 3 other sub-
stances are polymers or building blocks for a polymer;

• Group 4: 12 substances among which 2 polymers, 2 
salts of bromide Br- (potassium and ammonium), 4 
tetrabromo phthalic derivatives, 2 brominated pentyl 
alcohols (5 carbons) and 1 bromophenol (6 carbons). 
The ECHA has, however, placed 2 of these substanc-
es (decabromodiphenylethane: PBT evaluation list; 
2,2’,6,6’-tetrabromo-4,4’-isopropylidenediphenol: PBT 
evaluation list + ED evaluation list).

Preparations and 
substances n CAS # n Classification (by 

notifiers) n
Classified for HP of waste 
(CL = concentration limit 
for hazardous waste)

Notifica-
tions (by 
ECHA)

n Group name 
in this paper

Preparations (3 
main producers)

55

Substances 34 No 10* 1

Yes 24 No dossier in ECHA 
site

2 2

Dossier in ECHA 
site, no Hazard 
Statement in the 
dossier

10 PBT list, 
PBT and ED 
list, ED list

3+1+2*** 3

Classified with HSC 12 CL 0.1%: 2 substances**
CL 0.25%: 2 substances**
CL 10%: 1 substance
CL 20%: 4 substances
CL 25%: 2 substances
no HP: 1 substance

PBT list, 
PBT list and 
ED list

1+1**** 4

* Including 3 proprietary substances not registered for sale in Europe
** The 3 substances with a concentration limit for hazardous waste below the functional concentration are a reactive intermediate for high molecular 
weight flame retardants and will normally not be found as separate substances in plastics but are linked to the polymer matrix: dibromo neopentyl glycol 
(CAS 36483-57-5), tribromo neopentyl alcohol (same CAS 36483-57-5) for PU foam, and 2,4,6 tribromophenol (CAS 118-79-6) for epoxides, respectively.
*** PBT list: 2,4,6-Tris (2,4,6-tribromophenoxy) -1,3,5 triazine (CAS 25713-60-4); brominated flame retardant, aromatic, combined with an imide structure 
(CAS 32588-76-4); decabromodiphenyl ethane (CAS 84852-53-9). The PBT and ED list: 1,3-dibromo-5-{2-[3,5-dibromo-4-(2,3-dibromopropoxy)phenyl]pro-
pan-2-yl}-2-(2,3-dibromopropoxy)benzene (CAS 21850-44-2), ED list: 1,1’-(isopropylidene)bis[3,5-dibromo-4-(2,3-dibromo-2-methylpropoxy)benzene] (CAS 
97416-84-7), 2,2-bis(bromomethyl)propane-1,3-diol (CAS 3296-90-0) 
**** PBT list: 2,4,6 tribromophenol (CAS 118-79-6), PBT+ED list : 2,2’,6,6’-tetrabromo-4,4’-isopropylidenediphenol (CAS 79-94-7)
CAS number = Chemical Abstracts Service number
HP = hazard property of waste
HSC = hazard statement code
PBT list = “under evaluation as persistent, bioaccumulative and toxic” by ECHA
ED list = “being assessed as an endocrine disruptor” by ECHA.

TABLE 2: Summary of the classification of substitutes of regulated brominated flame retardants (R-BFRs) in the REACh registration dos-
siers (PBT list = PBT evaluation list, ED list = ED evaluation list).

FIGURE 3: Classification of substitutes of regulated brominated 
flame retardants (R-BFRs) in the REACh registration dossier of 
ECHA. For each group: first bar: total number of substances; sec-
ond bar: number of substances to assess or re-assess; third bar: 
number of substances under assessment by ECHA. (CAS = CAS 
number, Dossier = dossier in ECHA site, HSC = presence of hazard 
statement code of the substance, PBT = “under evaluation as per-
sistent, bioaccumulative and toxic” by ECHA, ED = “being assessed 
as an endocrine disruptor” by ECHA). Notes: *3 substances not for 
sale in Europe, 4 polymeric, 1 physical form; ** 3 substances with 
functional concentration > hazardous concentration for waste.
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Group and Substances Name/Note CAS No Formula

ECHA 
(Clas-
sifica-
tion)

ECHA 
Noti-
fica-
tions

BP

Hazard Statement 
Code, Concentration 
Limit (Waste Hazard 

Property)

Low-
est 
CL

HP of 
lowest 

CL

GROUP 1 Substances: No CAS (10)

Decabromodiphenyl ethane 
pellet form No ND

Brominated Epoxy Polymer No - ND

Brominated polymeric flame 
retardant - No - ND

End Capped Brominated 
Epoxy 1 No - ND

Tetrabromobenzoate ester 
composition

(not registered for 
sale in Europe) No - ND

Tetrabromophthalate diol 
blend

(not registered for 
sale in Europe) No - ND

Tetrabromophthalic anhydride 
derivative

(not registered for 
sale in Europe) No - ND

Blend of brominated polysty-
rene and polyester No ND

Blend brominated flame retar-
dant, diol, phosphate ester No ND

Blend brominated flame retar-
dant, halogen, phosphorus No ND

GROUP 2 Substances: No dossier (2)

Brominated Butadiene/Styrene 
Block Copolymer

1195978-
93-8 - ND

Poly pentabromobenzyl 
acrylate 59447-57-3 - ND

GROUP 3 Substances: No Hazard Statement (10)

2,4,6-Tris (2,4,6-tribromophe-
noxy) -1,3,5 triazine 25713-60-4 C21H6Br9N3O3

No 
HSC

PBT 
list Yes

Brominated flame retardant, 
aromatic, combined with an 
imide structure

32588-76-4 C18H4Br8N2O4
No 

HSC
PBT 
list Yes

Decabromodiphenyl ethane Eth-
ylene-1,2-bis(pen-
tabromophenyl); 
1,1'-(ethane-1,2-di-
yl)bis[pentabro-
mobenzene]

84852-53-9 C14H4Br10
No 

HSC
PBT 
list Yes

1,3-dibromo-5-{2-[3,5-dibro-
mo-4-(2,3-dibromopropoxy)
phenyl]propan-2-yl}-2-(2,3-di-
bromopropoxy)benzene 

21850-44-2 C21H20Br8O2
No 

HSC

PBT 
list. 
ED 
list. 

Yes

Brominated epoxy flame 
retardant Pratherm EC 20 135229-

48-0 - No 
HSC

Tris[3-bromo-2,2-bis(bro-
momethyl)propyl] phosphate 19186-97-1 C15H24Br9O4P

No 
HSC Yes

Carbonic dichloride, polymer 
with 4,4'-(1-methylethylidene)
bis[2,6-dibromophenol], 
bis(2,4,6-tribromophenyl) ester

Phenoxy-termi-
nated carbonate 
oligomer of Tetra-
bromobisphenol A

71342-77-3 - No 
HSC

Carbonic dichloride, polymer 
with 4,4'-(1-methylethylidene)
bis[2,6-dibromophenol] and 
phenol 

Phenoxy-termi-
nated carbonate 
oligomer of Tetra-
bromobisphenol A

94334-64-2 - No 
HSC

1,1'-(isopropylidene)bis[3,5-di-
bromo-4-(2,3-dibromo-2-meth-
ylpropoxy)benzene]

Group 3; not in 
catalog but in 
additives list

97416-84-7 C23H24Br8O2
No 

HSC ED list Yes

TABLE 3: Substitutes of regulated brominated flame retardants (R-BFRs) as found in the catalogs of the three main producers, CAS num-
ber, formula, and their classification in ECHA REACh registration dossiers by the notifiers, ECHA notifications, presence of a Brief Profile 
(BP), hazard statement codes, corresponding concentration limit for classification as hazardous waste, lowest concentration limit and 
hazard property of the lowest concentration limit (HP 4 = irritant, HP 5 = toxic, HP 7 = carcinogenic, HP 11 = mutagenic, HP 14 = ecotoxic). 
Substances to re-evaluate are red coloured cells.
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Group and Substances Name/Note CAS No Formula

ECHA 
(Clas-
sifica-
tion)

ECHA 
Noti-
fica-
tions

BP

Hazard Statement 
Code, Concentration 
Limit (Waste Hazard 

Property)

Low-
est 
CL

HP of 
lowest 

CL

2,2-bis(bromomethyl)pro-
pane-1,3-diol

Group 3; not in 
catalog but in 
additives list

3296-90-0 C23H24Br8O2 No 
HSC

ED list Yes

GROUP 4 Substances: with Hazard Statement Code(s) (12)

Dibromo neopentyl glycol 36483-57-5 C5H10Br2O2 H302  
H315  
H319  
H335 
H340 

1B 
H341  
H350 

1B 
H351  
H373  
H413 

Yes H302 25 % (HP 6) 
H315 H319 20% (HP 4) 

H335 20% (HP 5) 
H340 0.1% (HP 11) 
H341 1% (HP 11) 
H350 0.1% (HP 7) 
H351 1% (HP 7) 
H373 – (no HP) 

H413 25% (HP 14)

0.10% HP 7 HP 
11

Tribromo neopentyl alcohol 2,2-dimethylpro-
pan-1-ol, tribromo 
derivative

36483-57-5 C5H9Br3O H302  
H319  
H340 

1B 
H341 
H350 

1B 
H412

Yes H302 25 % (HP 6) 
H315 H319 20% (HP 4) 

H340 0.1% (HP 11) 
H341 1% (HP 11) 
H350 0.1% (HP 7) 
H412 25% (HP 14)

0.10% HP 7 HP 
11

2,4,6-tribromophenol 118-79-6 C6H3Br3O H301  
H302  
H312  
H315  
H317  
H319  
H332  
H335 
H400  
H410  
H411 

PBT 
list

Yes H301 5% (HP 6) 
H302 25 % (HP 6) 
H312 55% (HP 6) 

H315 H319 20% (HP 4) 
H332 22.5 % (HP 6) 

H335 20% (HP 5) 
H400 25% (HP 14)

H410 0.25% (HP 14) 
H411 25% (HP 14)

0.25% HP 14 
(H410)

Potassium bromide 7758-02-3 BrK H315  
H318  
H319  
H335  
H336  
H373  
H412

Yes H315+H319 20% 
(HP 4) 

H318 10% (HP 4) 
H335 20% (HP 5) 
H336 – (no HP) 

H373 10% (HP 5) 
H412 25% (HP 14)

10% HP 4 
HP 5

Ammonium bromide 12124-97-9 BrH4N H315  
H319  
H335

Yes H315+H319 20% 
(HP 4) 

H335 20% (HP 5)

20% HP 4 
HP 5

Bis(2-ethylhexyl) tetrabromoph-
thalate

Tetrabromophthal-
ate ester

26040-51-7 C24H34Br4O4 H319 H315+H319 20% 
(HP 4) 

20% HP 4

Brominated Epoxy Oligomery Tetrabromobisphe-
nol A diglycidyl 
ether, Brominated 
Epoxy Polymer

68928-70-1 - H315 
H319

H315+H319 20% 
(HP 4)

20% HP 4

Brominated Polystyrene, acry-
late copolymer

Benzene, ethe-
nyl-,homopolymer, 
brominated

88497-56-7 - H319 H315+H319 20% 
(HP 4)

20% HP 4

2-(2-hydroxyethoxy)ethyl 
2-hydroxypropyl 3,4,5,6-tetrabro-
mophthalate

Tetrabromophthal-
ate diol, Tetrabro-
mophthalate diol

20566-35-2 C15H16Br4O7 H412 Yes H412 25% (HP 14) 25% HP 14 
(H412)

Reaction products of tetra-
bromophthalic anhydride 
with 2,2'-oxydiethanol and 
methyloxirane

77098-07-8 - H412 Yes H412 25% (HP 14) 25% HP 14 
(H412)

Tetrabromophthalic anhydride 632-79-1 C8Br4O3 H317 Yes H317 - (no HP) no CL no HP

2,2',6,6'-tetrabromo-4,4'-isopro-
pylidenediphenol

Group 4; not in 
catalog

79-94-7 C15H12Br4O2 H400 
H410

PBT 
list. ED 

llist. 
ED

Yes H400 25% (HP 14)
 H410 0.25% (HP 14)

0.25% HP 14 
(H410)

BP = Brief Profile on ECHA site (a summary document on properties and classification of the substance)
ED list = “Under assessment as Endocrine Disrupting”
HSC = hazard statement code
ND = no dossier
PBT list = “Under assessment as Persistent, Bioaccumulative and Toxic”
(HP 14 calculated without multiplying “M-factors”)



P. Hennebert / DETRITUS / Volume 16 - 2021 / pages 16-2522

The substances for which the dossier must be com-
pleted, or which are reassessed (according to the REACh 
regulation), are: the substances of 2 blends of Group 1, 
7 substances (6 with ECHA notification) of Group 3, and 
2 substances (with ECHA notification) of Group 4. Since 
there are mixtures, the total substances used that have to 
be assessed is 11 (or more depending on the composition 
of the 2 blends) out of 34, of which 8 are notified by the 
ECHA.

The classification of product plastics incorporat-
ing these additives (according to the CLP) is beyond the 
scope of this study. For the simpler waste classification, 
the functional concentration of the additives in the plas-
tics (recommended in the technical specifications) can 
be compared to the concentration that renders a waste 
hazardous (according to the waste regulations of EU 2014 
and EU 2017).

In detail for the 12 classified substances (Table 3, 
Group 4), the number of substances, the concentration lim-
its and the hazardous properties (for waste) are: 

• 2 with 0.1% (for HP 7 ‘Carcinogenic’ and HP 11 ‘Toxic 
for reproduction’);

• 2 with 0.25% (HP 14 ‘Ecotoxic’ chronic “high level”);
• 1 with 10% (HP 4 ‘Irritant’ and HP 5 ‘Toxic’);
• with 20% (HP 4 and / or HP 5), and
• 3 with 25% (HP 14 ‘Ecotoxic’ acute).

The two substances with a concentration limit of 0.1% 
are neopentyl tribromo alcohol [H350 0.1% (HP 7), H340 
0.1% (HP 11), H341 1% (HP 11)] and dibromo neopentyl 

glycol [H350 0.1% (HP 7), H351 1% (HP 7), H341 1% (HP 
11)]. The substances with a concentration limit of 0.25% 
are 2,4,6 tribromophenol and 2,2’,6,6’-tetrabromo-4,4’-iso-
propylidenediphenol [0.25% H410 (HP 14)]. According to 
their producer, the first three substances are used as a 
reactive intermediate for high molecular weight flame re-
tardants, especially for rigid and flexible PU foam (the first 
two) and for the capping of brominated epoxides (the lat-
ter) (Table 5). These substances should normally not be 
found as separate substances in plastics but linked to the 
polymer matrix.

The 5 substances from the producer’s catalog with 
ECHA notifications of assessment are presented in Table 6 
with the information from their producer. Four substances 
are declared “additive” (they are miscible with the polymer 
but remain extractible and quantifiable) and they have 14 to 
21 carbons. One substance (tribromophenol) is “reactive” 
(it will bind to the polymer and will not be found as a sepa-
rate substance in a laboratory analysis) and has 6 carbons. 
Decabromodiphenylethane, the substitute of decabromodi-
pheylether, present in the catalog of the three producers, 
and widely used today, is declared without hazard state-
ment codes, but is under assessment in the PBT evaluation 
list of the ECHA.

To conclude, out of a total of 34 substances, 2 blends 
do not have a CAS number and dossier (Group 1), 7 sub-
stances have a CAS number and a dossier but are without 
any hazard statement (Group 3), among which 6 are under 
assessment by the ECHA, and 12 have a CAS number, a 
dossier and a hazard statement (Group 4), among which 

Group and Substances Name/Note CAS No Formula

ECHA 
(Clas-
sifica-
tion)

ECHA 
Notifica-
tions

BP

Hazard Statement 
Code, Concentration 
Limit (Waste Hazard 
Property)

Low-
est 
CL

HP of 
lowest 
CL

Hexabromocyclododecane Not in the scope 
of this paper 25637-99-4 POP+oth-

ers Yes

Bis(pentabromophenyl) ether Not in the scope 
of this paper 1163-19-5 POP+oth-

ers Yes

2,4,6-tris(2,4,6-tribromophe-
noxy)-1,3,5-triazine

Group 3; in 
catalog

426-040-2 
(No CAS 
number in 
the file)

C21H6Br9N3O3
No 
HSC PBT Yes

1,1'-(ethane-1,2-diyl)bis[penta-
bromobenzene]

Group 3; in 
catalog 84852-53-9 C14H4Br10

No 
HSC PBT Yes

N,N'-ethylenebis(3,4,5,6-tetra-
bromophthalimide)

Group 3; in 
catalog 32588-76-4 C18H4Br8N2O4

No 
HSC PBT Yes

1,1'-(isopropylidene)bis[3,5-di-
bromo-4-(2,3-dibromoprop-
oxy)benzene]

Group 3; in 
catalog 21850-44-2 C21H20Br8O2

No 
HSC PBT, ED Yes

1,1'-(isopropylidene)bis[3,5-di-
bromo-4-(2,3-dibromo-2-meth-
ylpropoxy)benzene]

Group 3; not in 
catalog 97416-84-7 C23H24Br8O2

No 
HSC ED Yes

2,2-bis(bromomethyl)pro-
pane-1,3-diol

Group 3; not in 
catalog 3296-90-0 C23H24Br8O2

No 
HSC ED Yes

2,2',6,6'-tetrabromo-4,4'-iso-
propylidenediphenol

Group 4; not in 
catalog 79-94-7 C15H12Br4O2

H400 
H410 PBT, ED Yes H400 25% (HP 14)

 H410 0.25% (HP 14) 0.25% HP 14 
(H410)

BP = Brief Profile on ECHA site (a summary document on properties and classification of the substance)
ED list = “Under assessment as Endocrine Disrupting”
HSC = hazard statement code
PBT list = “Under assessment as Persistent, Bioaccumulative and Toxic”
(HP 14 calculated without multiplying “M-factors”)

TABLE 4: Brominated flame retardants (BFRs) declared in the list of 418 plastic additives actually used in the EU.
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2 are under assessment by the ECHA. Eleven substances 
or more (due to the use of two blends) are re-assessed or 
could be re-evaluated in the future, and eventually restrict-
ed. The 7 non-POP NR-BFRs on the official list of plastic 
additives are currently being re-evaluated by the ECHA (3 
PBT, 2 ED, 2 PBT + ED) (Table 4).

4. CONCLUSIONS
The regulated R-BFRs have been logically substituted 

by other non-regulated NR-BFRs. In this numerous data set, 
88% of the product and waste samples contain BFR(s) oth-
er than the regulated ones. 

The European Chemical Agency (ECHA) dossiers of 
these substances show that:

• 12 substances have no dossier (including polymers 
that must not be declared, and 3 substances not for 
sale in Europe);

• 10 substances have a dossier without hazard state-
ments and are therefore not classified: The ECHA has, 
however, placed 6 of these substances on the PBT eval-
uation list (“under evaluation as persistent, bioaccu-
mulative and toxic”) and the ED evaluation list (“being 
assessed as an endocrine disruptor”);

• 12 substances have a dossier and hazard statements 
(including 3 polymeric substances); however, the ECHA 
has placed 2 of these substances on the PBT evalua-
tion list and ED evaluation list; 

• The 3 substances that have a functional concentra-
tion (the concentration of additives that retards flame) 
greater than the concentration limits classifying a 
waste as hazardous, are declared as “reactive”: they 
will bind to the polymer during their use and will not be 
independent substances anymore;

• The 7 non-POP NR-BFRs on the official list of plastic 
additives are currently being re-evaluated by ECHA (3 
PBT, 2 ED, 2 PBT + ED).

As substitution is going faster than classification and 
regulation, and as homologous substances are used (for 
instance decabromodiphenylethane / decabromodipheny-

lether), all these new NR-BFRs should be investigated and 
their properties on human health and the environment as-
sessed and published, as already done for some, with the 
European Chemicals Agency (ECHA).

Total bromine is a relevant surrogate indicator of the 
presence of total BFR(s) in plastic waste, even if the bromi-
nated substances are not known and the new substances 
are currently not monitored for most samples. The tech-
nical limit of 2,000 mg Br/kg as the maximum content for 
further recycling (EN 50625-3-1) takes into account all bro-
minated substances regulated and not yet regulated, and 
therefore limits the recycling of BFRs that are not currently 
properly registered. Similar work should be done on phos-
phorus substitutes.
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Substance Name Abbreviation / Brand 
Name Brand Name 2 - Note CAS No Formula Category

Dibromo 
neopentyl 
glycol

FR-522 FR-522, is a reactive, dibromoneopentyl glycol, flame retardant, 
containing 60% aliphatic bromine. Thermosetting polyester 
resins formulated with FR-522 have high chemical and flame 
resistance, minimal thermal discoloration and excellent light 
stability. The high bromine content of FR-522 and its ready 
reaction into polyurethanes make it suitable for use in rigid 
polyurethane foams...

36483-
57-5

C5H-
10Br2O2

Reactive

Tribromo 
neopentyl 
alcohol

2,2-di-
methylpro-
pan-1-ol, 
tribromo 
derivative

FR-513 FR-513 is a reactive flame retardant containing 73% aliphatic 
bromine. As tribromoneopentyl alcohol it combines a high bro-
mine content with exceptional stability, and is particularly suit-
able where thermal, hydrolytic and light stability are required. 
FR-513 high solubility in polyurethane systems increases 
effectiveness as a reactive flame retardant for polyurethanes...

36483-
57-5

C5H9Br3O Reactive

2,4,6-tribro-
mophenol

FR-613 FR-613 is a reactive flame retardant with a high content of 
aromatic bromine, used mainly as an intermediate for high 
molecular weight flame retardants. It is also an effective 
fungicide and wood preservative. ..

118-79-6 C6H3Br3O Reactive

TABLE 5: Producer information on NR-BFRs with functional concentration greater than the concentration limit that renders a waste haz-
ardous.



P. Hennebert / DETRITUS / Volume 16 - 2021 / pages 16-2524

Substance Abbreviation / Brand Name Brand Name 2 - Note CAS No Formula ECHA Noti-
fications Category

2,4,6-Tris 
(2,4,6-tribromophe-
noxy) -1,3,5 triazine

FR-245

FR-245 is a proprietary, additive 
flame retardant. The combination 
of aromatic bromine and cyanurate 
provides high FR efficiency and 
good thermal stability. A major use 
of FR-245 is in ABS and HIPS. FR-
245 combines good UV, impact and 
flow properties…

25713-
60-4 C21H6Br9N3O3

PBT evalu-
ation list Additive

Brominated flame 
retardant, aromatic, 
combined with an 
imide structure

SAYTEX® BT-93 Bromine-based 
flame retardant for electronic enclo-
sures, electrical components, films, 
and textiles that require the highest 
degree of UV stability (light yellow 
powder form). 
SAYTEX® BT-93W Bromine-based 
flame retardant for electronic enclo-
sures, electrical components, films, 
and textiles that require outstand-
ing thermal and UV stability (white 
powder form)

SAYTEX BT-93 flame retardant is 
a unique additive that combines 
stable, aromatic bromine with an 
imide structure. 
SAYTEX BT-93W flame retardant 
is a unique, white-colored additive 
that combines stable, aromatic 
bromine with an imide structure

32588-
76-4 C18H4Br8N2O4

PBT evalu-
ation list Additive

Decabromodiphenyl 
ethane

Firemaster® 2100R

84852-
53-9 C14H4Br10

PBT evalu-
ation list Additive

SAYTEX® 8010 Bromine-based 
flame retardants for electronic 
enclosures, electronic and electrical 
components, insulation foams and 
textiles (powder form)

SAYTEX 8010 flame retardant is a 
non-diphenyl oxide-based product 
containing a high level of aromatic 
bromine

FR-1410

Decabromodiphenyl Ethane FR-
1410 is an additive flame retardant 
containing 82% aromatic bromine. 
Its high bromine content coupled 
with its exceptional thermal stabil-
ity makes it the material of choice 
for a large variety of applications. 
Major application areas include 
HIPS, Low and High Density Poly-
ethylene, Polypropylene (Homopoly-
mers and Copolymers), Elastomers, 
PBT, Polyamides, UPE and Epoxy... 

1,3-dibro-
mo-5-{2-[3,5-dibro-
mo-4-(2,3-dibromo-
propoxy)phenyl]
propan-2-yl}-2-(2,3-di-
bromopropoxy)
benzene 

FR-720

FR-720 is an additive flame 
retardant containing both aromatic 
and aliphatic bromine. FR-720 is 
suitable for polyolefin and styrenic 
resins and it is especially recom-
mended for UL-94 class V-2. It is 
also applicable in class V-0 polypro-
pylene. FR- 720 is cost efficient and 
maintains good physical properties 
of the compound...

21850-
44-2 C21H20Br8O2

PBT 
evaluation 
list, ED 
evaluation 
list

Additive

2,4,6-tribromophenol

PH-73FF™

PH-73FF™ is a reactive intermedi-
ate containing over 70% bromine 
recommended for phenol-based 
reactions in a free-flowing briquette 
form. PH-73FF™ by Lanxess is a 
free flowing, non-caking, low dust-
ing, halogenated, flame retardant. It 
is a reactive intermediate contain-
ing over 70% bromine recommend-
ed for phenol-based reactions 
in a free-flowing briquette form. 
PH-73FF™ possesses uniform size 
& shape and high bulk density. It is 
also used as an antifungal agent 
(with FIFRA approval) or chemical 
intermediate.

118-79-6
  C6H3Br3O

PBT evalu-
ation list  Reactive

FR-613

FR-613 is a reactive flame retardant 
with a high content of aromatic bro-
mine, used mainly as an intermedi-
ate for high molecular weight flame 
retardants. It is also an effective 
fungicide and wood preservative. ..

PBT evaluation list: Under assessment as Persistent, Bioaccumulative and Toxic; ED evaluation list: Under assessment as Endocrine Disrupting

TABLE 6: Producer information on NR-BFRs with ECHA notifications.
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ABSTRACT
The building and construction sector is selected by the European Commission as a 
key product value chain in the transition towards circular economy (CE) due to the 
major resource consumption, waste generation and GHG emissions from this sector. 
This paper reports the result from qualitative and semi-structured interviews with 30 
Danish stakeholders from the sector on the current stage of implementation of CE 
and the research/innovation needs to scale circular construction from niche to the 
new normal. The interviews showed a large variety in the stakeholder’s stage of tran-
sition from hardly knowing the term to having CE as a major driver in their business. 
Some meant that scaling of CE is close to impossible and that material reuse will 
never develop to more than a niche, whereas others already offer full-scale circular 
solutions to clients. The interviews pointed at a need for a common definition and 
terminology for CE, methods for documenting the gains from the circular solutions 
(economic and environmental), methods for technical documentation of the quality 
of reused materials, processes which enables scaling, methods to implement CE in 
various systems such as digitalization and building passports, new value chains and 
framework conditions in support of circularity. Regardless these needs, few demon-
stration projects of major importance to gain general knowledge have been finalized 
or are planned in Denmark. These demonstrations have different approaches: using 
todays waste from different industries as construction materials; reusing construc-
tion materials (the basic building, elements or processed materials); and designing 
new buildings for disassembly to enable future reuse.

1. INTRODUCTION
The World’s population in 2020 stands at 7.8 billion 

(Worldometer, 2021) people and it is projected to increase 
to 8.5 billion in 2030 (United Nations, 2015). With rising 
income and living standards, global consumption of re-
sources such as minerals, metals and food crops increas-
es, generating pressures on natural resources and the 
environment (OECD 2012). The situation is alarming and 
politicians at all levels point at circular economy (CE) as 
the only viable solution. At European level, “The circular 
economy package” adopted by the Commission (European 
Commission, 2015), created an important momentum to 
support the transition towards CE, and the recent “Circular 

Economy Action Plan for a Cleaner and More Competitive 
Europe” (European Commission, 2020)” continues and 
strengthen the strategy. The CE is a concept of reducing 
the ecological footprint by finding new concepts of the flow 
of matter in manufacturing processes, assuming its closed 
loop. The transition towards a sustainable CE model is by 
many seen as a solution to keep the consumption of the 
Earth’s resources within planetary boundaries.

Building and construction is pointed out as a key prod-
uct value chain in the transition towards CE in the EU (Eu-
ropean Commission, 2015, 2020) (Hertwich, 2021). The 
sector requires vast amounts of resources - it accounts for 
about 50% of all extracted material. At the same time, the 
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sector is responsible for over 35% of the EU’s total waste 
generation. Greenhouse gas emissions (GHG) from materi-
al extraction, manufacturing of construction products, con-
struction and renovation of buildings are estimated at 11% 
of total national GHG emissions (UNEP 2019). Greater ma-
terial efficiency could save about 80% of those emissions 
according to (European Commission, 2020). The major 
importance of the construction and building sector for the 
consumption of natural resources, the GHG emissions and 
waste generation are strong incitements for transforming 
the sector towards a CE.

At company level, moving towards CE (and other sus-
tainability-driven business models) requires a fundamental 
change that runs through its entire organization and it also 
involves its stakeholders (Ritzén & Sandström, 2017). CE in 
the building sector may be considered at different stages: 
(1) parts that can be reused as a whole without any extra 
processing, (2) reused parts of the construction that need 
to be remanufactured, and (3) parts that require a process 
of recycling, e.g. after a demolition of buildings, building 
materials are shredded and reprocessed into new ele-
ments (Gorecki, 2018).

The major interest and awareness within research in 
transforming the construction and building sector to a CE 
can be seen from the large number of comprehensive lit-
erature surveys on the topic, e.g. (Benachio et al. 2020), 
(López Ruiz et al. 2020), and (Mhatre et al 2021). Mhatre 
et al. (2021) describes how the number of research papers 
within CE in the built environment have been increasing. 
Since the first research article on this topic was published 
in 2007, there has been an incremental rise in the number 
of publications and especially after 2016 (there were 105 
papes in the first half of 2020). Thus, the research com-
munity around the topic is growing. To establish a vision it 
is important to both understand the current situation - e.g. 
what is already being done towards CE, or what capabili-
ties provide a basis for this, as well as to identify what op-
portunities are present and desirable (Blosma et al 2019). 
In the acknowledgement of this, the work reported in this 
paper sets off in interviewing the construction and building 
sector itself, and on the description of the transformation 
seen from the inside towards the larger perspectives. Ma-
jor findings from a sector development project “Circular 
construction and building sector” are reported – a project, 
which takes off in the Danish construction sector's own un-
derstanding of challenges, barriers and opportunities in the 
transition towards CE. A major aim is to identify the chal-
lenges faced by the sector itself and to evaluate the research 
and innovation that can aid meeting these challenges.

2. METHOD
At the Technical University of Denmark (DTU), the board 

of directors decided (2019) to conduct the sector develop-
ment project “Circular construction and building sector” 
presented in this paper. The DTU procedure for such pro-
jects is to frame and focus the topic on collaboration with 
the major relevant Danish associations, which are also pro-
ject owners. A local, interdisciplinary university team is set. 
This team is responsible for the execution of the project. 

The core of the project is a series of interviews with dif-
ferent stakeholders. The university team compiles the find-
ings from the interviews. The outcome of the interviews is 
presented at a workshop where the associations, the inter-
viewed persons and the university team meet and discuss 
the compiled result. The common conclusions are drawn 
on basis of the inputs from the workshop. The outcome 
is published in a report (in Danish), which for the present 
sector development project is planned for the spring 2021.

The Danish associations in the present project were the 
Danish Association of Architectural Firms (www.danskeark.
dk), the Danish Construction Association (www.danskbyg-
geri.dk), the Federation of Danish Building Industries (www.
danskindustri.dk/brancher/di-byg), the Danish Association 
of Consulting Engineers (www.frinet.dk) and SEGES (www.
seges.dk). The associations suggested different, specific 
stakeholders for interviews based on their relative impor-
tance in the industry and maturity on circular practices. 
Altogether 30 interviews were conducted among Danish 
construction clients, architectural companies, consulting 
engineering companies, construction material producers, 
contracting companies, public institutions (waste manage-
ment and recycling, authorities e.g. municipalities respon-
sible of building facility management) and trade associa-
tions. Few selected public institutions and organizations in 
the Netherlands and Belgium were interviewed as well to 
set the Danish findings in perspective with other countries 
driving the circularity agenda. The stakeholders were inter-
viewed one by one by 1-4 members of the research team. 
The interviews were qualitative and semi-structured (Brink-
mann & Kvale 2018) each lasting 1-2 hours and based on a 
common question guide with 17 questions organized in 2 
sections and 4 themes. 

The first section of questions, three in number, were 
clarifying questions about the company/institution (value 
creation from products/services, customers/users and na-
tional/international market). 

The second section of questions were focused around 
CE and had a sequence of themes to be covered: 

• Burning platform. Is there a burning platform in Den-
mark and internationally? What is it? Which part of the 
build environment constitutes the major needs/possi-
bilities?

• Tendencies related to CE. Questions on which tenden-
cies were seen within major topics of CE from the key 
words: recirculation, building design, building pass-
es, economy and environmental assessments, value 
chains, digitalization, city and regional perspectives, 
scaling of solutions, standardization, incitement, pro-
curement rules, risk and responsibility, and the role of 
technology. 

• Transformation towards CE: This group of questions 
had the key words: visions, necessary leadership, re-
quests to society, challenges and possibilities, export 
options

• Research and innovation needs: The major challenges 
and also specifically the major research needs. The 
companies were also asked about their experiences on 
collaboration with researchers.
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Due to the semi structured nature of the interviews, 
there was openness to change the sequence and ques-
tioning form. The interviews had periods with dialog on 
the answers and stories told by the interviewees until the 
themes from the interview guide were covered. After each 
interview, the core findings were documented and summa-
rized. The analysis was undertaken by the research team 
enabling triangulation of data and theoretical perspectives 
given the interdisciplinary organization of the team. The 
findings were subsequently validated through an online 
workshop with participation of the interviewed persons, 
the five associations and the university researchers. The 
results from the interviews were outlined and discussed. 

The university departments involved in the project were 
DTU Civil Engineering, DTU Environment, DTU Mechanical 
Engineering, DTU Management, DTU Engineering Technol-
ogy, and DTU Chemical Engineering. The project is led by 
the DTU Office for Research, Advice and Innovation. The 
core of the interdisciplinary university team were the au-
thors of this paper.

3. RESULTS 
3.1 General status on CE in the Danish construction 
and building sector

Through the 30 interviews, it was evident that there is a 
lack of common understanding of the term CE in the Dan-
ish construction and building sector. This even though the 
EU has pointed at the sector as a key value chain in the 
transition. The lack is in line with what has been reported 
in literature on a broader term, e.g. (Kirchherr et al 2017) 
states from a review of more than hundred papers and re-
ports that CE means different things to different people. 
A basic explanation for a CE economy is ‘where the value 
of products, materials and resources is maintained in the 
economy for as long as possible, and the generation of 
waste minimised’ (European Commission, 2015). In (Kirch-
herr et al 2017) CE is defined as “an economic system that 
replaces the ‘end-of-life’ concept with reducing, alternative-
ly reusing, recycling and recovering materials in produc-
tion/distribution and consumption processes”. Thus the 
core of CE is based on material and resource use. However, 
in the interviews, the companies often equaled CE to GHG 
emissions or UNs 17 SDGs in general terms. 

3.2 The sector about the burning platform
The burning platform identified by the companies was 

related to the major trends threatening the state of the 
globe, mainly GHG emissions but also increasing popula-
tion and following resource scarcity and waste generation 
was often mentioned. However, these megatrends were 
not translated into a direct burning platform for the compa-
nies themselves necessitating their transition towards CE, 
i.e. the companies did not mention at all that they felt a 
push towards taking any action themselves. For the inter-
viewed companies already active in implementing CE (part-
ly or a more thorough reorganization) the basis for doing 
so was established on an idealistic standpoint or because 
adapting CE was seen as a way to specialize and thus as a 
business opportunity.

When describing challenges close to the stakehold-
ers, the loss of common craftsmanship during the past 50 
years of industrialization of the construction sector was 
mentioned from a few of them as a coming need to cope 
with in relation to a transition to CE. From some of the large 
enginieering companies it was also mentioned that attract-
ing young people depends increasingly on having a green 
profile and that the change in mindset will grow from the 
young generation. Throughout the interviews there was no 
specific part of the built environment which was pointed 
out to constitute the major needs/possibilities in relation 
to CE, however it was mentioned, that the transformation 
must include both renovation and new buildings.

3.3 The sector on the transformation towards CE
The possibility for scaling CE from being a niche to com-

mon practice was often brought up during the interviews. 
Some believed that scaling of CE in construction is close to 
impossible in practice and thus that material reuse will nev-
er develop to more than a niche, whereas others believed 
that it was definitely possible to scale the construction with 
reused materials and that it will be the new normal. Many 
pointed and responsibility when reusing or using recycled 
materials was pointed out as a major obstacle. As materi-
als and components directly reused are not certified, the 
accompanied risk needs to be assumed by the construc-
tion client or the consulting engineering company. Stand-
ardization was suggested as the way forward. Many of the 
interviewed persons expressed that as long as the circular 
solutions are more expensive than today’s linear solutions, 
a general transformation to CE will not happen.

At the final common workshop, which gathered the in-
terviewed persons, strong emphasis was laid on a national 
road map as a tool to move the sector forward. A vision of 
transforming Denmark to a living lab for CE in the construc-
tion industry was brought forward and supported by many 
of the participants.

3.4 The sector on major challenges and research 
needs 

A major objective of the present sector development 
project was to identify the technological challenges and re-
search/innovation needs that sector is facing in relation to 
a transition to CE, and hereby to foster concrete ideas for 
collaboration between universities and companies. Those 
of the companies, who were experienced in working with 
university researchers pointed at common MSc and PhD 
students as a good way of collaboration. The conducted 
interviews pointed at the need for:

• Common definition and terminology for circular econ-
omy;

• Methods for documenting the value (economic and 
environmental) of circular materials and building pro-
cesses;

• Technical knowledge on minimizing the risk when 
choosing to reuse or recycle construction materials;

• Implementation of circular solutions in digital tools 
(such as BIM) as well as in material- and building pass-
ports;
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• Circular processes which can enable scaling;
• Methods to ensure full circularity of materials and 

building elements;
• Systems for connecting value chains in the building and 

construction industry with other adjacent value chains.
• Framework and conditions for tendering, services, 

building regulations etc. for support to circularity

4. DISCUSSION
The fast-growing awareness of CE to be the strategy 

to follow to simultaneously combat resource depletion and 
lower the GHG emissions as well as waste generation, and 
the major role of the building and construction sector both 
as part of the problem and thus also a part of the solu-
tion, necessitate revisiting the current practice in the sec-
tor, which is built on a linear use of materials. The inter-
views in the current investigation showed that the Danish 
construction and building sector was aware of the sectors 
responsibility in relation to a more sustainable society. All 
the interviewed persons showed interest (and most also 
enthusiasm) in the developments combating the global 
threats, but many expressed reservations whether the sec-
tor in general and not at least the building owners will value 
environmental concerns before economy. This was seen 
as a major obstacle. Lopéz Ruiz et al. (2020) reviewed the 
transformation of the construction and demolition sector 
to a CE, and concluded that research in this sector has 
mainly focused on aspects regarding reuse and recycling 
from an environmental performance perspective and that 
the integration of economic criteria is still limited. Thus the 
attention to the limited focus on economic issues in the 
transition, raised from the interviewed persons, is an issue 
beyond the Danish sector.

The CE agenda does not apply only to closing the loop 
and use “waste as resource”. The transition to a CE can 
be achieved through an agenda integrating three strategies 
a) closing resource loops via recycling along the material 
value chain b) narrowing loops i.e. increasing resource effi-
ciency by using less material input for production and pro-
ducing less waste for final disposal, and c) slowing loops 
i.e. lengthening the use phase via development of long-life 
goods and materials and product-life extension measures 
(Baldassarre et al 2019). These three strategies are in line 
with the waste hierarchy, i.e. reduce, reuse, recycle and re-
cover (European Parliament and the Council, 2008). Aca-
demia as well as practitioners use the waste hierarchy as 
basis for development of a CE framework (Prieto-Sandov-
al et al. 2018). Those of the interviewed persons, who did 
not automatically equate CE to lowering CO2 emissions 
or SDGs, were focused around closing the loops. Neither 
of the interviewed included narrowing or slowing loops in 
their reflections. 

One of the needs pointed out by many of the interviewed, 
was the need for a common definition and understanding 
of CE as well as standardization. Recently, the Danish 
Standards was appointed (December 2020) by CEN to lead 
and run a new European technical committee on CE related 
to the building sector - CEN/TC 350/SC1 circular economy 
in the construction sector. As a first step, a framework for 

the CE terminology will be developed so that there is com-
mon international agreement on what is meant by CE in the 
sector. Thus work is in progress on developing a common 
international terminology, and this must be considered very 
important step in order for the sector to unite in the tran-
sition, which is already a political strategy nationally and 
in the EU. Pointing at standardization as major important, 
the Danish sector was in line with the general viewpoint, 
as e.g. Benachio et al (2020) reported from a systematic 
literature review that the consensus is that there is good 
level of awareness of the need of change from the linear to 
the CE in the construction industry, however practitioners 
argue about the lack standardized methods and practices 
to help them implement in their construction projects.

5. CONCLUSIONS
The state of the transformation to CE of the Danish 

construction and building sector was the focus in the cur-
rent project initiated by the Technical University of Den-
mark. Five trade associations were involved in framing the 
project, and 30 interviews were carried out with different 
stakeholders in the sector. The interviews showed lack of 
common definition for CE in the sector, that the compa-
nies were at different stages in the transition (some had 
no actual plans whereas others had CE as the main driver 
for business), and that clarification of risk/responsibility is-
sues is necessary at many levels in order to implement CE 
in the sector. This point to a second conclusion regarding 
the sectors own viewpoint of having incomplete or insuf-
ficient measures to determine pathways for the changes 
required by the sector. Important demonstration projects 
have been build or are planned, however, to scale and to 
common practice the interviews pointed at needs for: 
methods for documenting the economic and environmen-
tal gains, technical methods for documenting the quality 
of reused materials, processes which enables scaling and 
development of new value chains. The interviews also in-
dicated that it may be necessary to update the framework 
conditions so they support the transformation to CE, and 
some pointed at a need for an external push to move the 
sector towards a CE.
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ABSTRACT
Black soldier fly larvae (BSFL) treatment is an emerging technology for the valori-
sation of nutrients from biowaste. Selecting suitable substrates for BSFL treatment 
is a frequent challenge for researchers and practitioners. We conducted a system-
atic assessment of BSFL treatment substrates in Nairobi, Kenya to source more 
substrate for upscaling an existing BSFL treatment facility. The applied approach 
is universal and considers four criteria: 1) substrate availability and costs, 2) BSFL 
process performance, 3) product safety, and 4) waste recovery hierarchy. Data were 
collected from previous waste assessments or semi-structured key informant inter-
views and sight tours of waste producers. Waste nutritional composition and BSFL 
process performance metrics were summarised in the “BSFL Substrate Explorer”, an 
open-access web application that should facilitate the replication of such assess-
ments. We show that most biowaste in Nairobi is currently not available for facility 
upscaling due to contamination with inorganics and a lack of affordable waste col-
lection services. A mixture of human faeces, animal manure, fruit/vegetable waste, 
and food waste (with inorganics) should be pursued for upscaling. These wastes 
tend to have a lower treatment performance, but in contrast to cereal-based byprod-
ucts, food industry byproducts, and segregated food waste, there is no conflict with 
animal feed utilization. The traceability of substrates, source control, and post-har-
vest processing of larvae are required to ensure feed safety. The criteria presented 
here ensures the design of BSFL treatment facilities based on realistic performance 
estimates, the production of safe insect-based products, and environmental benefits 
of products compared to the status quo.

1. INTRODUCTION
Biowastes significantly contribute to the global waste 

problem (Gustavsson et al., 2011; Wilson et al., 2015). Cur-
rently, biowaste is frequently not safely managed, leading 
to the wastage of nutrients, energy, and water (Chen et al., 
2020; Diener et al., 2014; Hoornweg & Bhada-Tata, 2012). 
Biowaste management also contributes to global challeng-
es, such as poor urban health, degradation of the natural 
environment, and climate change.

Black soldier fly larvae (BSFL) treatment is an emerg-
ing technology for biowaste treatment (Gold et al., 2018; 
Zurbrügg et al., 2018). The technology uses the immature 
life stage of the black soldier fly (Hermetia illucens, Diptera: 

Stratiomyidae) that feeds on a large variety of biowastes 
and turns them into a compost-like residue (Gold et al., 
2018). Insect biomass can be separated from the residue 
and processed into raw materials for various applications 
such as lubricants, biodiesel and pharmaceuticals, and 
currently most promising, for animal feed markets (Bar-
ragán-Fonseca et al., 2017; Bosch et al., 2014; Makkar et 
al., 2014), for example, dried larvae or protein meal as a 
feed ingredient for poultry, fish, pigs, and pets. 

Throughout the past decades, research and implemen-
tation has indicated that the technology has the potential 
to produce higher treatment product revenues, result in 
reduced greenhouse gas emissions compared to other bi-
owaste treatment technologies, such as composting, and 
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produce insect-based feeds with a lower environmental 
impact than the status quo (Ermolaev et al., 2019; Gold 
et al., 2018; Mertenat et al., 2019; Smetana et al., 2019). 
In addition, the technology can operate at various scales, 
modularity, and levels of automation (Diener et al., 2011; 
Ites et al., 2020). These advantages have been demonstrat-
ed by the global industrial-scale implementation of BSFL 
technology in recent years, for example, the Netherlands, 
China, Chile, the USA, Germany, Kenya, South Africa, and 
Malaysia. However, to have a significant global impact on 
waste management and the sustainability of the food sys-
tem, more insect-based biowaste treatment facilities are 
needed (Gold et al., 2018).

One main challenge faced by utilities, municipalities, in-
sect companies, and entrepreneurs is the selection of suit-
able biowastes for BSFL treatment. Process performance 
as measured by bioconversion rate, and larval mass, and 
larval biomass composition, such as protein and lipid con-
tent, vary among substrates (Gold et al., 2018; Gold et al., 
2020a; Lalander et al., 2019). In addition, chemical and mi-
crobial contaminants in different biowastes require careful 
consideration to ensure product safety (Van der Fels-Klerx 
et al., 2018). Moreover, substrates may already have a val-
ue when used in, for instance, animal feed and biogas pro-
duction. Alternatively, the provision of the waste has high 
costs due to decentralised collection, long distances from 
the treatment facilitities, or high amounts of inorganic ma-
terials (plastic, glass, and paper) that need to be removed 
prior to BSFL treatment (Dortmans et al., 2017).

Here, we present a systematic approach to identify suit-
able substrates for BSFL treatment by considering waste 
availability and costs, the BSFL process performance of 
the biowaste, the waste recovery hierarchy, and product 
safety. The applied approach is universal and enables the 
design of BSFL treatment facilities based on realistic per-
formance estimates, the production of safe insect-based 
products, and environmental benefits of products in com-
parison to the status quo. This study also developed the 
“BSFL Substrate Explorer”, an open-access web application 
(moritzgold.shinyapps.io/BSF_app/) with tools to explore 
waste compositional data and BSFL process performance 
and formulate efficient biowaste mixtures.

2. MATERIALS AND METHODS
This case study was conducted in Nairobi, Kenya, using 

a combination of primary and secondary research. At the 
beginning of the assessment, approximately 20 tonnes/
day of human faeces and fruit and vegetable waste were 
treated at an existing BSFL treatment facility. The BSFL 
were processed into dry larvae and sold to feed millers, and 
the residue was composted and sold as a soil condition-
er. The assessment was completed with the aim of sourc-
ing more biowaste for the upscaling of the facility (> 100 
tonnes of waste per day).

2.1 Selection criteria
The biowaste assessment approach considered four 

criteria (Figure 1): waste availability and costs, the BSFL 
process performance of the biowaste, the waste recov-

ery hierarchy, and product safety. These criteria can be 
processed step by step, either in parallel, or iteratively. 
The process performance of the biowaste is important 
because it influences the treatment time and larval and 
residue amounts produced per unit of biowaste. Ultimate-
ly, process performance influences operational costs 
and revenues from treatment products. Considering the 
waste recovery hierarchy as well as waste availability and 
potential waste costs is important because wastes with 
high process performances may already have uses, for 
example, as animal feed, and therefore, conversion of the 
waste may not produce affordable treatment products, or 
wastes may already be part of meaningful resource recov-
ery (Smetana et al., 2019). Product safety is critical for 
BSFL treatment because treatment products are used for 
human food production, and wastes can include contami-
nants relevant to animal and human health (Van der Fels-
Klerx et al., 2018).

2.2 Availability and costs
Biowaste availability and the costs of wastes in Nai-

robi were assessed using criteria proposed by Lohri et al. 
(2015). These criteria include biowaste quantity, biowaste 
cost, waste characteristics (mixing of organics with inor-
ganics), and the existing use of waste, for example, landfill-
ing and composting. Biowaste quantities and costs were 
mainly assessed using previous waste assessments con-
ducted in Nairobi (Baud et al., 2004; Njoroge et al., 2014; 
Kasozi & Von Blottnitz, 2010; Kirai et al., 2009). Data were 
validated by semi-structured key informant interviews and 
sight tours of waste producers. These included restaurants 
and hotels, slaughterhouses, animal farms, supermarkets, 
and food industries. 

2.3 Process performance
2.3.1 Review of performance metrics

The process performance of biowastes with BSFL 
was estimated using values provided in the literature of 
typical BSFL performance metrics, for example, larval 
mass, bioconversion rate, and waste reduction (Banks et 
al., 2014; Bava et al., 2019; Diener et al., 2009; Gold et al., 
2021; Gold et al., 2020a; Jucker et al., 2017; Lalander et 

FIGURE 1: Criteria considered for selection of BSFL treatment sub-
strate in Nairobi, Kenya.
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al., 2019; Liu et al., 2018; Meneguz et al., 2018; Miranda et 
al., 2019; Nguyen et al., 2013; Nyakeri et al., 2019; Rehman 
et al., 2017; Somroo et al., 2019; Spranghers et al., 2017; 
Tschirner & Simon, 2015). The feeding rate and treatment 
time within these studies were 40–250 mg waste/larva/
day and 6–27 days, respectively. Some wastes, including 
grass, wastewater sludge, or water hyacinths tended to be 
unsuitable for BSFL treatment because of very low growth 
(Dieu et al., 2015; Lalander et al., 2019; Liu et al., 2018) 
and were not included in the performance summary. Re-
search to increase the growth of BSFL on these substrates 
by pre-treatments (Isibika et al., 2019) and co-conversion 
with beneficial bacteria (Mazza et al., 2020; Rehman et al., 
2019) is ongoing.

2.3.2 Biowaste analyses for mixture formulation
A single biowaste stream cannot fulfil the entire treat-

ment capacity (>100 tonnes/day); therefore, we analysed 
biowastes for gross nutrient composition. The formulation 
of biowaste mixtures based on similar nutrient content, 
especially protein and carbohydrates, has been tested as 
a promising approach for efficient and reliable BSFL treat-
ment (Gold et al., 2020a; Barragán-Fonseca et al., 2018). 
Crude protein, lipids, neutral detergent fibre (NDF), acid de-
tergent fibre (ADF), and ash were analysed using standard 
procedures used for animal feeds (Gold et al., 2020a). Pro-
tein was estimated by multiplying nitrogen with waste-spe-
cific factors (Chen et al., 2017; Mariotti et al., 2008; Sriperm 
et al., 2011). Hemicelluloses were determined as the dif-
ference between NDF and ADF. ADF was assumed to be a 
reliable estimate of the fibre (cellulose and lignin) content. 
Samples were pit latrine sludge (n = 3), human faeces with 
sawdust (n = 4), fruit and vegetable waste (n = 1), vegetable 
waste (n = 2), poultry feed (n = 1), food waste from hotels 
(n = 9), food waste from restaurants (n = 2), cereal-based 
by-products (n = 1), fruit waste (n = 4), and slaughterhouse 
waste (n = 2). To generalise our approach, values provided 
in the literature for the same parameters were summarised 
(Giromini et al., 2017; Gold et al. 2020a; Gold et al., 2020b; 
Gold et al., 2021; Liu et al., 2018; Meneguz et al., 2018; Shu-
mo et al., 2019; Vruggink, 2020).

2.3.3 Open-access web application
Process performance and waste compositional data, 

as well as the formulation of biowaste mixtures, were 
included in an open-access web application called the 
“BSFL Substrate Explorer” (moritzgold.shinyapps.io/BSF_
app/). Process performance (n = 60) and biowaste com-
positional data (n = 67) were analysed using R version 312 
3.6.2 (R Core Team, 2020). Data were manipulated using 
tidyverse (Wickham et al., 2019) and were visualised by 
boxplots using ggplot2 (Wickham, 2016). In addition, 
compositional data were visualised in a two-dimensional 
plane following a principal component analysis (PCA) us-
ing the FactoMineR (Le et al., 2008) and factoextra pack-
age (Kassambara & Mundt, 2020). The calculation of the 
nutrient content of biowaste mixtures was also included 
in the Shiny-based web application (Barragán-Fonseca et 
al., 2018; Gold et al., 2020a). These analyses were trans-
lated into the web application using the Shiny (Chang et 

al., 2020) and shinydashboard package (Chang & Ribei-
ro, 2018). Shiny-based applications are interactive and 
change outputs, for example, plots and descriptive statis-
tics, based on user input.

2.4 Product safety
Biowaste contains various contaminants such as mi-

crobes, for example, pathogenic bacteria and viruses, 
(heavy) metals, and/or chemicals, for example, pharma-
ceutical and pesticide residues (Gold et al., 2018; Van der 
Fels Klerx et al., 2018). We used the available BSFL litera-
ture, as well as general animal feed safety considerations 
of the Food and Agriculture Organization of the United Na-
tions (FAO) (FAO, 1997) to identify potential waste contam-
inants in the identified wastes, their fate in BSFL treatment, 
and BSFL post-harvest processing. 

2.5 Waste recovery hierarchy
BSFL treatment frequently aims to provide biowaste 

treatment and products with lower environmental impact 
than the status quo. Biowastes or byproducts with use as 
food or feed do typically do not provide environmental ben-
efits in comparison to the status quo (Bosch et al., 2019; 
Smetana et al., 2016; Smetana et al., 2019). Using the 
waste recovery hierarchy concept (UNEP, 2013) and pub-
lished life cycle assessments (LCAs) results (Bosch et al., 
2019; Smetana et al., 2019), we discuss whether environ-
mental benefits are likely to be associated with diverting 
the identified wastes to BSFL treatment. Even though re-
sults are very case specific (e.g. depending on substrate, 
energy type and production, post-processing of frass and 
larvae), typcial environmental benefits over production of 
conventional protein-rich feed ingredients and composting 
are lower greenhouse gas emissions and land use (Bosch 
et al., 2019; Mertenat et al., 2019).

3. RESULTS AND DISCUSSION
3.1 Availability and costs

In Nairobi, domestic and non-domestic biowaste is 
generated to upscale the BSFL treatment facility. Most bi-
owaste in Nairobi is domestic, i.e., household waste. When 
considering the population (4.4 million, KEBS (2019)), the 
average city-wide waste generation estimate (0.65 kg/cap-
ita/day) and average waste composition (59% of domes-
tic waste is estimated to be organic), approximately 1,690 
tons of household biowaste is generated per day (Kasozi & 
Von Blottnitz, 2010). Determining the quanities of non-do-
mestic biowaste, for example, from schools, restaurants, 
hotels, and markets, is more challenging because of an 
unknown number of sources (>3,000) (Kirai et al., 2009) 
and variable waste generation rates per source (Table 1). 
Approximately 20-30% of all biowaste generated in the city 
has previously been estimated to be non-domestic using 
the estimate of total domestic waste generation (Kasozi & 
Von Blottnitz, 2010; Kirai et al., 2009). Consequently, using 
the estimate for domestic waste generation and average 
waste compositon (74% of waste is organic) (Kirai et al., 
2009), approximately 529-906 tonnes of non-domestic bi-
owaste is generated per day. Based on previous work by 
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Kirai et al. (2009) and the interviews and field visits con-
ducted in the present study, non-domestic biowaste in Nai-
robi consists of: fruit and vegetable wastes, for example, 
from canneries, juice producers, and retailers; animal ma-
nure, for example, dairy and pig farms; food waste, for ex-
ample, retailers, markets, hotels, restaurants, and shopping 
malls; cereal-based byproducts, for example, spent grain 
from breweries, press cakes from oil production, byprod-
ucts from flour and animal feed mills, and slaughterhouse 
waste, for example, rumen content and blood. Solids in 
wastewater and faecal sludge are additional poorly man-
aged and valorised wastes in Nairobi that could be poten-

tially utilized as BSFL substrates.

3.2 Process performance
Figure 2 demonstrates the “Conversion performance” 

tab of the web application. It summarises the performance 
metrics of the BSFL treatment based on the substrate 
group and the performance metrics selected by the user. 
The summary can support the selection of efficient sub-
strates and provides realistic performance estimates for 
treatment design (e.g., waste reduction) and estimations 
of treatment product quantities (e.g., bioconversion rate). 
Use of the web application shows that animal manure, fae-
cal sludge, fruit and vegetable waste, and slaughterhouse 
waste, which are suitable for up-scaling based on availabil-
ity and cost in Nairobi, typically result in lower larval weight 
and bioconversion rate than food waste, cereal-based by-
products, or human faeces.

The process performance of individual wastes is of lim-
ited value in Nairobi because a single waste stream cannot 
meet the entire treatment capacity (>100 tonnes/day). In 
this case, knowledge of an efficient biowaste mixture and 
the associated process performance is required. Typical-
ly, biowaste mixtures have been identified in trial and er-
ror feeding experiments with different biowaste mixtures 
(Nyakeri et al., 2019; Rehman et al., 2017). The formulation 
of biowaste mixtures based on nutritional composition, 
for example, overall nutrient content, protein, and carbo-
hydrates, has recently emerged as a more systematic ap-
proach (Barragán-Fonseca et al., 2018; Gold, et al., 2020a). 
This approach considers that protein, digestible carbohy-
drates (a fraction of hemicelluloses), lipids, and the over-
all nutrient generally correlated with rearing performance. 
However, such an approach requires accurate waste com-

Source Waste examples Waste generation 
(kg/day)

Hotels Food scraps 200-2,000 1,2

Restaurants Food scraps 2,100 2

Markets Food scraps, discarded food 
(e.g., fruit and vegetable peels)

> 19,000 2

Shopping malls Food scraps 1,100 2

Commercial 
animal farms

Pig and cow manure 25,000 2

Slaughterhouses Blood, rumen content 45,000 1

16,000 2

Supermarkets Discarded fruits and vege-
tables

2,500 2

Food industry Discarded fruits and vegeta-
bles, byproducts from juice 
production, canneries and 

bread baking

0.5-100 1

1 own data, 2 Kirai et al (2009)

TABLE 1: Non-domestic waste generation (in kg) per day and facil-
ity from different sources.

FIGURE 2: The “Conversion performance” tab of the web application summarises process performance results based on the substrate 
group and performance metric selected by the user. Descriptive statistics are included in a table below the boxplot (not shown in this Figure).
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positional data that are not always available.
Before the formulation of biowaste, it is helpful to gain 

a general understanding of the contents of important nu-
trients in the available wastes, such as protein, lipids, di-
gestible carbohydrates (e.g. glucose and starch), hemi-
celluloses, fibres, and ash. Protein, lipids and digestible 
carbohydrates and potentially some fraction of hemicel-
luloses are thought to have a positive influence on pro-
cess performance (Barragán-Fonseca et al., 2018; Gold 
et al., 2020a; Gold et al., 2018b). Fibres are important for 
substrate texture, but above yet unknown contents can 
decrease process performance (Liu et al., 2018). The sub-
strate organic content (100% - ash) has also been shown 
to positively correlate with process performance (Laland-
er et al., 2019). The “Nutrient composition” tab of the web 
application (Figure 3) dynamically summarises and visual-
ises the waste nutrient composition based on the BSFL 
substrate group (see Gold et al. (2018a)) and the nutrient 
parameters selected by the user. It shows a PCA biplot and 
summarises descriptive statistics in a table, for example, 
mean, standard deviation (sd), minimum (min), and max-
imum (max). The boxplots and PCA biplot demonstrated 
a large variability in nutrient composition among samples 
of the same substrate group. This is to be expected, be-
cause waste comes from different sources (e.g., different 
fruits or vegetables) and different waste management sys-

tems (e.g., waste storage durations). Food wastes were 
the most variable because this substrate group includes 
former food stuffs (FFS), and waste from households, mar-
kets, canteens, and restaurants, which can differ greatly in 
nutrient composition. Despite this variability, the vector di-
rections of the PCA biplot allow broad categories of waste 
based on nutrient composition. For example, considering 
the wastes available in Nairobi, animal manure and fae-
cal sludge are high in fibres and low in lipids, and fruit and 
vegetable wastes are low in proteins and lipids. Despite its 
importancefor BSFL performance, no conclusions can be 
drawn on digestible carbohydrate contents in these sub-
strates due to few or lacking results. Food waste is the 
substrate group with the highest nutrient content, and is 
typically high in proteins, lipids, digestible carbohydrates, 
and hemicelluloses, and low in ash and fibres. Consequent-
ly, to increase process performance, it could be beneficial 
to mix animal manure and faecal sludge with food waste. 
Information from compositional databases for food (ndb.
nal.usda.gov), feed (feedipedia.org), and food wastes 
(foodwasteexplorer.eu) should also be considered beyond 
our web application.

Barragán-Fonseca et al. (2018) and Gold et al. (2020a) 
formulated biowaste mixtures using Microsoft Excel, with-
out sharing the actual Excel tool. The “Substrate mixture 
formulation” tab (Figure 4) provides this calculation in a 

FIGURE 3: The “Nutrient composition” tab of the web application summarises the waste nutrient composition based on the substrate 
group and nutrient parameter selected by the user. Descriptive statistics are included in a table below the plots (not shown in this Figure).
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web application. It dynamically calculates the nutrient 
composition of biowaste mixtures (in wet and dry mass) 
based on the nutrient content of the individual wastes 
(Figure 3) with information on the quantity and moisture 
content of the wastes provided by the user. The web ap-
plication considers the nutritional variability by displaying 
the range of the nutritional composition of the biowaste 
mixture, calculated with the minimum and maximum nutri-
ent content for each ingredient. For the wastes ultimately 
selected for facility upscaling, this tool can be used to cal-
culate the proportion of each waste that needs to be added 
to have similar nutrient content among batches. Balanc-
ing content among batches in these nutrients by mixing 
wastes can make the process performance more reliable. 
However, some variability will remain because the formu-
lation relies on intrinsically variable waste compositional 
data (Figure 3). In addition, maintaining all macronutrients 
within fixed limits among batches is difficult in practice 
because wastes typically have variable amounts of each 
macronutrient.

3.3 Product safety
Table 2 summarises the potential hazards in the BSFL 

substrates identified in Nairobi. As BSFL live in their feeding 
substrate and the substrate passes through their digestive 
tract during feeding, substrate contaminants have a poten-
tial to accumulate on surfaces or be taken up with other 

digestion products into larval tissue (Gold et al., 2018a; Van 
der Fels Klerx et al., 2018). In addition, animal pathogens 
in substrates can populate the larval digestive tract. When 
considering the current knowledge on the fate of contami-
nants in BSFL treatment, heavy metals especially cadmium 
and arsenic in biowastes are a significant hazard for ani-
mal feed safety. In contrast to most microbes, for example, 
bacterial and viral pathogens that can be present in un-
processed BSFL but can be inactivated by heat treatment, 
some heavy metals have been shown to bioaccumulate in 
the larval tissue (Van der Fels Klerx et al., 2018; Diener et 
al., 2015; Schmitt et al., 2019). Spore-forming pathogens 
in substrates that are potentially transferred to the surface 
or digestive tracts of BSFL, such as Bacillus cereus and 
Clostridium botulinum, are also of special concern because 
they can survive heat treatment. Aflatoxin B1 (a common 
mycotoxin) and human/veterinary drugs and chemsporei-
cals have so far not been detected in BSFL grown on con-
taminated substrates (Bosch et al., 2017; Charlton et al., 
2015; Lalander et al., 2016; Purschke et al., 2017). Hydro-
carbons, for example, mineral oil hydrocarbons, dioxins, 
polychlorinated biphenyls (PCBs), and traces of plastic in 
substrates can accumulate following processing by BSFL 
in the larval tissue. However, concentrations of these con-
taminants were below legal limits at moderate substrate 
contaminant levels, for example, 3–6% plastic fragments 
(van der Fels-Klerx et al., 2020).

FIGURE 4: The “Substrate mixture formulation” tab of the web application calculates the nutrient composition of a biowaste mixture based 
on the substrate, quantity, and moisture content provided by the user.
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Strategies aimed at these hazards to meet legal feed 
limits include the selection of traceable substrates with 
low contaminant concentrations, mixing of substrates 
with low and higher contaminant concentrations, a series 
of post-processing steps to reduce contamination levels, 
for example, pasteurization (EC, 2011) including good hy-
giene practices (IPIFF 2019). At the BSFL treatment facility 
in Nairobi, only human faeces collected from standardised 
and well operated source-separating toilets are used. Sep-
aration of faeces from urine means that an estimated two-
thirds of the excreted drug residues are disposed of else-
where (Lienert et al., 2007). Furthermore, mixing faeces 
with sawdust in the toilet, and co-processing this mixture 
with dischared fruits and vegetables, that is, FFS, further re-
duces drug residue concentrations. Although not yet shown 
in the few completed studies, in cases where drug residues 
are carried over to BSFL, heat treatment contributes to 
their inactivation (Tian et al., 2017). All substrates identi-
fied in Nairobi may include microbial pathogens; therefore, 
live BSFL should not be fed to animals. Further research is 
needed to determine how the hazards in wastewater sludge, 
for example, heavy metals, and slaughterhouse waste, 
for example, misfolded prion proteins, can be managed.

3.4 Waste recovery hierarchy
BSFL treatment is frequently selected with the aim of 

providing biowaste treatment and products with lower en-
vironmental impact than the status quo (Mertenat et al., 
2019; Smetana et al., 2019). To deliver this goal, the waste 
recovery hierarchy is a useful and established concept. It 
indicates the order of preferences of waste reduction and 
management measures. The order of most preferred to 
least preferred measures includes prevention, reduction, 
recycling, recovery, and disposal (UNEP, 2013). We propose 
to extend this concept to encompass the treatment of bio-
waste with BSFL (Figure 5). BSFL treatment should be the 
most preferred measure following waste prevention, for ex-
ample, by strategies to avoid food waste, and waste reduc-
tion (including reuse), for example, by using animal feed. 
For this Nairobi case study, it means although cereal-based 
byproducts and some food and fruit/vegetable wastes 
have favorable nutrient content and process performance 
with BSFL they should not be diverted to BSFL treatment 

because of their potential use as animal feed and part in 
meaningful resource recovery. In addition, BSFL treatment 
should be considered before other waste treatment tech-
nologies, such as anaerobic digestion or composting, to 
recycle nutrients back into the food chain. Biowaste, for 
example from the food processing industry, can therefore, 
enter a circular value chain (Cappellozza et al., 2019).

3.5 Trade-offs between selection criteria
The present Nairobi case study has demonstrated that 

selecting substrates for BSFL treatment is a trade-off be-
tween larval biomass production efficiency and substrate 
costs, with overarching considerations for the safety and 
sustainability of the larval-based products. Substrates that 
have the highest performance typically have high costs and 
are already used as animal feed, and this concords with the 
waste hierarchy concept and circular economy principles. 
The remaining substrates that are available at reasonable 
costs have lower performances and require careful consid-
eration to ensure product safety. 

Based on the four-criteria assessment here, a mixture of 
human faeces, animal manure, fruit/vegetable waste, and 
food waste should be targetted for upscaling the BSFL treat-
ment facility in Nairobi. Biowaste mixtures with similar nutri-
ent contents can be calculated with the “Substrate mixture 
formulation” tab (Figure 4) of the web application. Multipli-
cation or further expansion of the facility requires changes 
in Nairobi`s waste management system, such as increased 
separation of biowaste from inorganic wastes and finan-
cially viable collection services. Seventy to eighty percent 
of Nairobi`s biowaste is household waste mixed with inor-
ganics, which makes it unsuitable for BSFL treatment (Kirai 
et al., 2009). Furthermore, only 30–50% of waste in Nairobi 
is collected (Aryampa et al., 2019; Kasozi & Von Blottnitz, 
2010). Achieving universal waste management services in 
Nairobi is challenging, particularly when considering that 
more than 50% of the population lives in informal areas.

All original data presented in this study is publicly avail-
able. The “BSFL Substrate Explorer” at the time of writing 
this paper can be downloaded at Eric/open (https://open-
data.eawag.ch), the Eawag Research Data Institutional Re-
pository (DOI: 10.25678/00051D). The current version can 
be found at https://github.com/MoritzGold/BSF_app.
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ABSTRACT
In Europe, an increasing amount of End of Life (EoL) photovoltaic silicon (PV) panels 
is expected to be collected in the next 20 years. The silicon PV modules represent 
a new type of electronic waste that shows challenges and opportunities. ReSiELP 
was a European project that aimed at recovery of valuable materials (aluminum, 
glass, copper, silicon, and silver) from EoL silicon PV modules. During the project a 
pilot plant, constituted by a furnace, a gas abatement system, an apparatus for the 
mechanical separation and a hydrometallurgical plant was designed and built. The 
pilot plan was realized to upscale recycling technology to TRL 7, with a 1500 panels/
year capacity. The feasibility of industrial-scale recovery and the reintegration of all 
recovered materials in their appropriate value chain was investigated. The results 
obtained showed that 2N purity silicon and 2N purity silver can be recovered with 
high efficiency. In order to realize a zero-waste plant, a hydrometallurgical process 
was developed for the wastewater treatment. Moreover, the use of recovered glass 
for building materials was investigated and the obtained performance seemed com-
parable with commercial products.

1. INTRODUCTION
Millions of photovoltaic (PV) panels have been installed 

worldwide over the past three decades, and, considering 
an estimated lifetime between 20 to 30 years, more than 
2M tons of End-of-Life (EoL) PV panels are expected to be 
collected in next 15 years. Once the modules reach their 
end-of lifetime, they are considered waste and in Figure 
1 is shown the estimate amount of this waste in Europe 
for the next years, considering 20 years as average time 
gap from installation to disposal (Jager-Waldau, 2017). A 
report published by the International Energy Agency Pho-
tovoltaic Power Systems Programme (IEA PVPS) and the 
International Renewable Energy Agency (IRENA) in 2016 
has forecast that PV modules waste globally will amount 
to 1.7–8.0 million tons cumulatively by 2030 and to 60-78 
million tons cumulatively by 2050 (IRENA and IEA-PVPS, 
2016).

This enormous amount of EoL Silicon (PV) modules 
would require the implementation of a circular value chain 
to ensure a secure supply of raw materials and to limit 
disposal in landfill (Choi & Fthenakis, 2010). Silicon metal 
has been considering a critical raw material by European 
Commission since 2014 (European Commission, 2015), 
and, therefore, it would be crucial to recover it from EoL 
PV panels. Moreover, silicon production needs intensive 
energy consumption whereas its recovery reduce the en-
ergy consumption (Müller, Wambach, & Alsema, 2006), 
thus making its recycling advantageous to the environ-
ment. 

According to European Commission, 85% of the solar 
panels currently manufactured are based on crystalline 
silicon (c-Si) technologies (Dias, Benevit, & Veit, 2016; 
Paiano, 2015). A typical c-Si PV panel today is approxi-
mately composed by : 76 wt% glass, 10 wt% polymer, 8 
wt% aluminum, 5 wt% silicon, 1 wt% copper, less than 0.1 
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wt% silver, and tin and lead (Weckend, Wade, & Heath, 
2017). End-of-life solar PV panel management is a newly 
emerging field that needs further research and develop-
ment (Xu, Li, Tan, Peters, & Yang, 2018). As a matter of 
fact, despite the richness of EoL panels in valuable materi-
als, only one industrial plant currently exists in Europe for 
dismantling and recycling of EoL PV panels and it is based 
on mechanical treatments. 

ReSiELP (www.resielp.eu), a European project support-
ed by EIT RawMaterials from 2017 to 2020, involved several 
partners (universities, research institutes and SME’s) from 
different European countries. ReSiELP aimed at recover-
ing from EoL PV panels, other than aluminum, glass and 
copper, also the others valuable materials such as silicon 
and silver using a thermo-mechanical-hydrometallurgical 
process, and at implementing a zero-waste innovative recy-
cling loop (Sgarioto, et al., 2018). ReSiELP proposed a cir-
cular economy with a product centric zero-waste approach, 
as shown in Figure 2. The project was mainly focused on 
the development of a recovery and purification process to 
obtain Si with such purity as to be reused as raw material 
in the PV production. The process included also the recov-
ery of glass, copper and silver to allow their reintegration in 
their value chain. Moreover, the use of recovered glass as 
building material was investigated. In order to minimize the 
environmental impact of the recycling plant and to realize 

a zero-waste process, a treatment for the wastewater com-
ing from the process was studied

2. RESIELP PROJECT OVERVIEW
2.1 The recovery process

The thermo-mechanical-hydrometallurgical process for 
the recycling of EoL PV panels, developed at TRL5 by the 
group of metallurgy of Padova University, was upscaled at 
pilot plant (technology readiness level TRL7). The group of 
metallurgy of Padova University designed and built the new 
plant, that was installed at Relight company located in Rho 
(Milan). In detail, were designed and built the furnace, the 
gas abatement system, the apparatus for the mechanical 
separation and the hydrometallurgical plant (Figure 3). 

The recycling process is shown in Figure 4 and was 
composed of four parts:

1.  Dismantling and cutting;
2.  Heating treatment;
3.  Material separation;
4.  Chemical treatments;
5.  Silver recovery.

In the plant, the aluminum frames and the power optim-
izers were first manually removed from the collected pan-
els. The panels were then cut in half and one half-panel per 
batch was put in the furnace and treated at 450°÷550°C for 
20÷30 minutes to burn the polymeric part of encapsulant 
and backsheet.

The heating treatment was followed by the separation 
of the materials to divide Si cells from glass and copper 
ribbons. This step was performed with an apparatus built 
by the University of Padova and exploiting a patented pro-
cess. The Si PV cells were chemically treated in the hydro-
metallurgical plant to remove aluminum paste, using a ba-
sic solution of sodium hydroxide, and silver contacts using 
a nitric acid solution. To verify the efficiency of the hydro-
metallurgical treatments, silicon cells were investigated by 
SEM (Cambridge Stereoscan 440) equipped with EDS. 

The silver was recovered from the acid solution by a 
hydro-pyro metallurgical process. 

FIGURE 1: Estimated annual waste volumes (ktons) of end-of-life PV panels in Europe.

FIGURE 2: ReSiELP concept.
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The recovered silicon and silver were finally analyzed 
with by a Spectro GENESIS inductively coupled plasma 
(ICP) mass spectrometer to determine the purity.

2.2 The wastewater treatment
ENEA studied a process to treat the wastewater com-

ing from the hydrometallurgical plant to reduce the environ-
mental impact of the process and to obtain a zero-waste 
approach.

The hydrometallurgical treatment for the recovery of 
metals from PV cells produced three main types of waste-
water:

1.  Acid wastewater;
2.  Basic wastewater;
3.  Washing wastewater.

Laboratory tests to identify the optimal conditions for 
the pollutants removal were carried out. For these exper-
iments the more polluted basic and acid liquid streams 
were considered. The scope was to test conventional treat-
ment technique in order to recover the water. The idea was 
making basic and acid wastewater react together in order 

to precipitate the metals contained in the solutions.
The first tests were carried out on alkaline hydromet-

allurgical wastewater by precipitation obtained varying 
the pH. In the preliminary set of tests, reported hereafter, 
the analysis was performed on the alkaline solution. Such 
stream was sampled and settled and total solid concen-
trations were determined for the mixed solution and the 
supernatant after settling. For such analytical determina-
tion the supernatant was filtered with a Whatman glass 
microfiber filter GFC (1,2 μm). 

The supernatant was then treated dosing acid solu-
tions in order to change the pH and promote precipitation 
process. Both H2SO4 (1.8 M) and HCl (1.16 M) acid solu-
tions were separately tested: these laboratory-made solu-
tions were slow dropwise added to 100 mL sample of basic 
wastewater.

These tests made it possible to identify the optimal 
pH corresponding the best metal removal efficiency. The 
removal rates achieved at the different reached pH were 
determined taking some amounts of the supernatant and 
using an ICP-MS instrument (Perkin-Elmer Sciex Elan 6000 
ICP-MS). 

According to lab tests, equipment dedicated to the re-
cycling of wastewater was installed in the pilot plant.

2.3 Innovative glass application
The construction sector is constantly required to be-

come more sustainable, for instance in terms of raw mate-
rials consumption. The valorisation of recycled materials, 
as partial replacement of conventional materials common-
ly used in construction materials, is a promising way to 
reduce consumption of natural materials and depletion of 
resources. The use of glass fractions, recovered from EoL 
PV-panels, is a sustainable option that can be implement-
ed into building materials and the development of precast 
building components. Some works up to TRL 5 were car-
ried out using recycled glass of different origin for building 
materials development (Tamanna, Mohamed Sutan, Lee, & 
Yakub, 2013; Korjakins, Shakhmenko, Bajare, & Bumanis, 
2012). However, to the best of our knowledge, building ma-
terials incorporating recycled glass from PV-panels have 
not been produced on industrial scale so far. In ReSiELP 
project, CETMA and ITO worked together for the valoriza-
tion of glass from PV-panels recycling which was re-used 
for the development of sustainable building materials (e.g. 
mortars, concretes) and precast components. This recy-

FIGURE 3: Images of pilot plant for the recycling process: a) furnace and separation system; b) gas abatement system; c) hydrometallur-
gical plant.

FIGURE 4: Estimated annual waste volumes (ktons) of end-of-life 
PV panels in Europe.

(a) (b) (c)
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cled material, after a mechanical treatment to be available 
in different sizes, was investigated as partial replacement 
of conventional aggregates, fillers and/or cements used 
for mortars/concretes/precast components production. 
Materials formulations were designed with the aim to max-
imize reused glass fractions taking into consideration the 
requirements of specific building applications (e.g. mason-
ry mortars, concretes for prefabrication). The most prom-
ising concrete formulations were implemented at industri-
al scale with the production of precast components, thus 
demonstrating the potential of the developed solutions in 
operational environment (TRL7). Some prototypes of pre-
fabricated slabs were produced in ITO industrial plants 
as demonstrators of the Project. The process as well as 
the equipment used for the production of these innovative 
building materials are conventional: this represents an im-
portant advantage of the investigated solutions.

3. RESULTS AND DISCUSSION
3.1 The recovery process

EoL PV panels were collected by Relight and treated ac-
cording to the process developed by University of Padova. 

After collection of EoL PV panels, the aluminum frame 
and the power optimizer were manually removed and each 
panel was cut in half. The half-panels without the alumi-
num the power optimizer are showed in Figure 5.

Several tests were performed to optimize the heating 
treatment parameters at industrial scale and were found 
the optimal temperature and time to induce the complete 
burning of the polymeric fraction (Figure 6). In comparison 
with mechanical and chemical treatments, this heating 
treatment prevented damages to the fragile Si cells, thus 
allowing an efficient recovery of materials. In fact, the Si 
cells, even if they got broken during the dismounting of PV 
panels and collection, were recovered in pieces with a me-

FIGURE 6: EoL PV panel after heat treatment in ReSiELP furnace.

FIGURE 5: Example of PV halve panels prepared for heating treatment.
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dium size of 5 cm2, whereas mechanical treatments used 
in the other plants reduce them in very thin powder. This 
size facilitated the separation and hydrometallurgical treat-
ment.

All recovered materials are shown in Figure 7. With 
manual disassembly was possible to recover the 100% 
of aluminum frames (Figure 7b), whereas the separation 
system allowed the recovery of 98% of copper ribbons and 
glass (Figure 7c,f). 60% of silicon cells were suitable for 
hydrometallurgical treatment whereas a fraction was rep-
resented by glass and silicon powder that was not possible 
to separate. 

The hydrometallurgical treatment of the Si PV cells, 
after the optimization of the process parameters, allowed 
the recovery of demetallized Si-cells using basic and acid 
solutions to remove aluminum paste and silver contacts, 
respectively (Figure 8). The process allowed recovering sil-
icon cells with 2N purity (Figure 7d). The silver was subse-
quently recovered from the acid solution of treatment with 
a hydro-pyrometallurgical process (Figure 7e).

In conclusion, the reliability of recovery plant processes 

has reached a high operating level (TRL7, as planned) with 
a capacity of 1500 panels/year. During the project 10 tons 
of EoL PV panels was treated to produce: 140 kg of silicon 
(Si-cells based) with 2N purity, 2 kg of silver with 2N puri-
ty, 6980 kg of glass with high purity, 1790 kg of aluminum 
frames and 88 kg of copper ribbons. Copper ribbon, alu-
minum frame and silver have been sold during the project. 
Silicon needed a purification in order to be reused in PV 
value chain.

3.2 The wastewater treatment
The basic wastewater contains mainly Al derived from 

the backsheet of silicon cells. In the laboratory test on the 
basic wastewater, the initial pH was ≈13.8 and was low-
ered below 3. Independently on the acid solution used (HCl 
or H2SO4), the formation of a suspension was observed for 
a pH value of about 13, while at pH around 3 a complete 
solubilization of the precipitated materials took place prob-
ably due to amphoteric characteristics. The analysis of the 
wastewater before and after the treatment is reported in 
Table 1.

FIGURE 8: SEM images of silicon cell before (a) and after (b) the hydrometallurgical treatment.

FIGURE 7: PV waste (a) and materials recovered by ReSiELP pilot plant (b, c, d, e, f).
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The best results were reached at pH value around the 
neutrality. The concentration of pollutants before and after 
neutralization with H2SO4 solution are reported in Table 1. 

As it can be seen, the removal rate was very high for the 
main contaminants in the wastewater: 99.95% for Al and 
98.94% for Pb.

3.3 Innovative glass application
For the purpose of glass reuse for sustainable build-

ing materials production, different glass fractions were 
characterized in terms of physical properties (e.g. parti-
cle size distribution, density, water absorption, fineness). 
Based on the measured properties several sustainable 
mortars and concretes formulations, incorporating reused 
glass for partial replacement of aggregates or cements, 
were designed and produced. The use of recycled glass as 
partial replacement of aggregates seemed promising for 
these materials. Mortars and concretes were tested evalu-
ating technical performance such as density, consistency 
on fresh state as well as mechanical properties develop-
ment at different curing stages (Figure 9). In an industrial 
perspective, the performance of these building materials 
have been assessed, referring to technical standards pre-
scriptions, for specific construction products (e.g. ma-
sonry mortars, concretes for prefabrication). A bedding 
mortar of class M5 has been produced, having similar 
physical-mechanical performance of mortars available 
on the market. Concretes with consistency up to class S5 
and compressive strength 61 MPa have been produced 
and implemented in the industrial plant. In total four pre-
dalles slabs, with dimensions 1.2 m x 2.4 m and 1.2 x 6.0 
m, were manufactured and the structural check confirmed 

performance similar to other conventional slabs produced 
for the market.

4. CONCLUSIONS
During the ReSiElLP project a pilot plant was designed 

and built by the group of metallurgy of Padova University. 
The tests showed that the materials contained in PV waste 
can be recovered with high efficiency and purity. Moreover, 
a hydrometallurgical process was developed by ENEA for 
the wastewater treatment in order to make the new plant 
zero waste. Concerning the PV glass reuse for building 
materials production, sustainable mortar and concrete for-
mulations incorporating reused glass fractions were stud-
ied and produced by CETMA and ITO. The performance of 
these formulations was assessed for specific construction 
applications (prefabricated components) and seemed 
comparable with commercial products.
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ABSTRACT
This work investigated the thermal treatment to separate and concentrate econom-
ically valuable materials from laminates of crystalline silicon photovoltaic modules 
(i.e., photovoltaic modules without the aluminum frame and the junction box). Chem-
ical characterization of the metal content was performed by X-Ray Fluorescence 
(XRF). The polymers of the backsheet were also characterized by Fourier Transform 
Infrared Spectroscopy (FTIR). The influence of the atmosphere (oxidizing and inert) 
on the decomposition of the backsheet was investigated by Thermogravimetric 
Analysis (TGA). Moreover, non-comminuted samples were tested for 4 thermal time 
lengths (30, 60, 90, and 120 min) in the furnace under ambient air. The degradation 
of the polymers was measured and 3 material fractions were obtained: silicon with 
silver and residual polymers (SS), glass and copper ribbons. Furthermore, there was 
no statistical difference between the mass losses of the samples submitted for 90 
(13.62 ± 0.02 wt.%) and 120 min at 500°C (p-value = 0.062). In the SS fraction, silver 
was 20 times more concentrated than in the ground photovoltaic laminate and 30 
times more concentrated than high silver concentration ores. The SS fraction (about 
6 wt.%) also presented low copper concentration and a high concentration of lead 
(hazardous metal). About 79 wt.% glass was obtained, as well as 1% copper ribbons 
(55.69 ± 6.39% copper, 23.17 ± 7.51% lead, 16.06 ± 2.12% tin). The limitations of the 
treatment and its environmental impact are discussed, and suggestions for industri-
al-scale application are given.

1. INTRODUCTION
1.1 Solar Photovoltaic Energy

In 2019, solar photovoltaic (PV) energy accounted for 
22.9% of the global renewable energy market, staying be-
hind hydro (44.7%) and wind (23.4%) energy, in terms of 
installed capacity (IRENA, 2021a). PV installed capacity 
has grown at unprecedented rates since the early 2000s 
in worldwide (Weckend et al., 2016) as it went from 22,817 
MW in 2009 to 578,553 MW in 2019 (IRENA, 2021b). The 
energy from PV sources is a competitive technological 
alternative to other traditional energy sources since it is 
inexhaustible on the human time scale and is also more 
sustainable (Pinho & Galdino, 2014; Tao & Yu, 2015). In 
Germany, for example, the consumption of 47.5 TWh of 
PV energy avoided about 29 million tons of carbon dioxide 
emissions in 2019 (ISE, 2020).

1.2 c-Si Photovoltaic Module Components
Crystalline silicon (c-Si) is the oldest technology (first 

generation) used in modules from PV panels. Currently, 
this technology represents 95.4% of the solar panel market 
(ISE, 2020). Crystalline silicon PV modules are composed 
of several materials, such as high-transparency tempered 
glass, layers from ethyl vinyl acetate (EVA), crystalline sil-
icon PV cells, copper and silver metal contacts, antireflec-
tion and passivation layers, a polymer backsheet and an 
aluminum frame. The backsheet is composed of a com-
bination of polymers, that can contain polyvinyl fluoride 
(PVF or Tedlar®), polyethylene terephthalate (PET), among 
others (Dias et al., 2017; Huang et al., 2017; Weckend et 
al., 2016).

Ultra-pure silicon (doped with boron, phosphorus, and 
aluminum) is used in c-Si PV cells. This material absorbs 
solar radiation and converts it into electrical current (De-
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Bergalis, 2004; Pinho & Galdino, 2014; Strachala et al., 
2017). A silver-aluminum paste is printed, in a grid pattern, 
on the front and back of the cell in order to form an elec-
tric field. The conductive copper ribbons are soldered (with 
lead and tin solder) along surfaces from PV cells (Huang 
et al., 2017).

1.3 Photovoltaic Waste
PV modules have a useful life estimated of about 25 - 

30 years (Paiano, 2015). However, an increasing number of 
modules will reach the end of their lifespan before that time 
due to the damage during installation or storms, component 
failures, or economic incentives to replace older modules 
by new modules with higher efficiency (Tao et al., 2020).

Projections from International Renewable Energy Agen-
cy (IRENA) indicated that the global generation of PV waste 
could reach 8 million tons in 2030 and approach 80 million 
tons in 2050, considering an early loss scenario (Weckend 
et al., 2016). Considering a regular loss scenario, where 
only End-of-Life (EoL) panels are replaced, the projections 
are 1.7 million tons for 2030 and 60 million tons for 2050.

In Europe, EoL PV panels started to be considered as 
“Waste of Electrical and Electronic Equipment” (WEEE) 
by the European WEEE Directive 2012/19/EU. Moreover, a 
reverse logistics system has been imposed on suppliers, 
manufacturers, importers and resellers of PV modules that 
are obliged to collect and recycle EoL PV modules (Padoan 
et al., 2019; Weckend et al., 2016).

1.4 Environmental Risk
Typically, more than 90% of PV modules mass is com-

posed by glass, polymers and aluminum, which can be 
classified as non-hazardous waste. However, there are 
components in smaller proportion that require more atten-
tion such as silver, tin, lead and others metals in crystalline 
silicon panels. Furthermore, cadmium and arsenic - haz-
ardous metals - are present in some thin film technologies 
(Weckend et al., 2016). These hazardous elements can 
cause environmental and public health problems in case 
of incorrect disposal (Aryan et al., 2018; Fthenakis, 2000).

 According to BioIS report (2011), a particular concern 
is the large amount of lead in c-Si, approximately 12.67 g 
in a panel with about 22 kg. BioIS report (2011) informed 
that a c-Si module at its End-of-Life, disposed of in the en-
vironment, when leached by the rain, can release between 
13% and 90% of the amount of lead found. Tammaro et 
al. (2016) performed leaching tests on crushed and broken 
samples of different PV technologies, with sizes between 
0.5 and 3 cm. Moreover, they investigated 18 releasable 
metals by chemical and ecotoxicological analysis. Some 
hazardous metals such as lead, chromium, nickel, tin and 
cadmium exceeded the legal limits of European and Italian 
laws for drinking water, soil discharge and inert disposal 
in landfills. By ecotoxicological evaluation, adverse effects 
were indicated mainly due to the occurrence of lead, tin and 
cadmium. In the same work, high amounts of lead (30 t) 
and cadmium (2.9 t) releasable from c-Si and thin film pan-
els, respectively, were also predicted for 2050. 

Nain & Kumar (2020) analyzed the release of metals 
from broken and unbroken solar panels that were exposed 

to three synthetic solutions of pH 4, 7, 10 and one real mu-
nicipal solid waste (MSW) landfill leachate for one year. 
The results suggested that encapsulant degradation plays 
a critical role and has a positive correlation with metal dis-
solution. They also indicated that the mass of exposed 
modules per volume of water increases the probability of 
leached metals exceeding standard limits. Nain & Kumar 
(2020) reported that the increase in leaching contamina-
tion after one year of disposal of polycrystalline silicon 
modules was 54.19%. 

Furthermore, Nain & Kumar (2020) observed that the 
leaching of metals in stormwater solutions was minimal, 
except for a few metals. For the initial months after dis-
posal, the PV cells and films maintain their integrity be-
cause of encapsulation. So, disposal of EoL solar PVs in 
MSW landfills could result in less leaching from semicon-
ductor layers. Therefore, they concluded that aggressive 
short-term standard waste characterization tests, such as 
Whole Effluent Toxicity Methods (WET/EPA) and Toxicity 
Characterization Leaching Procedure (TCLP/EPA), could 
poorly represent the release of metals from encapsulated 
materials in landfill leachate. They reported that the results 
obtained do not indicate that the disposal of PV in landfills 
is environmentally safe, but that there is a need for further 
investigations on different aspects, such as the effect of 
microbial activity, temperature variations, and composition 
of MSW waste on metal solubilization from PVs.

There is also concern about the release of poly/bro-
minated flame retardants (Padoan et al., 2019), ozone-de-
pleting chemicals such as Chlorofluorocarbons (CFCs). 
PV modules composition also contain fluoropolymers, 
such as Polyvinyl Fluoride (PVF) or Polyvinylidene Fluoride 
(PVDF), especially in the backsheet. These components 
can be harmful to both human health and the environment 
(Mulvaney, 2014; Yi et al., 2014). The burning of these 
fluoropolymers is a source of persistent compounds such 
as carbon fluorides, fluoroacids, dioxins, and furans (Aryan 
et al., 2018). Burning PVF generates HF at 350°C and ben-
zene at 450°C (Huber et al., 2009).

1.5 Economic Potential
On the other hand, the disposal of PV modules in land-

fills is a wastage of valuable raw materials (such as silver, 
silicon, copper, gallium, indium, germanium, and tellurium) 
and conventional materials, such as aluminum and glass 
(Aryan et al., 2018; BioIS, 2011; Strachala et al., 2017). 

In addition, this waste can represent opportunities in 
developing or transition economies, where waste collec-
tion and recycling services are often dominated by infor-
mal sectors (Weckend et al., 2016). Some of the materials 
recovered from Si modules can be sold directly on the com-
modities market. The largest amount of recovered materi-
als are glass fragments (which must be free of Si cells) and 
Cu ribbons for reuse in the solar industry (Tao et al., 2020).

Preliminary estimates suggest that technically recover-
able raw materials from PV panels could cumulatively yield 
a value of up to USD 450 million (in 2016 terms) by 2030. 
This is equivalent to the amount of raw material currently 
required to produce approximately 60 million new panels 
or 18 GW of power generation capacity. By 2050, the re-
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coverable value could cumulatively exceed USD 15 billion, 
equivalent to 2 billion panels or 630 GW (Kadro & Hagfeldt, 
2017; Weckend et al., 2016). 

According to Tao et al. (2020), silver represented 35.2% 
of the economic value obtained from recovering materials 
from a module, considering the price of USD 574.23/kg (Sil-
ver Price, 2019). In addition, copper represented 5.2% of 
the total economic value, considering the price of USD 5.0/
kg (Rockaway Recycling, 2019). On February 26th 2021, the 
silver price was USD 857.73/kg (Silver Price, 2021) and the 
copper price was USD 9.17/kg (Insider, 2021). 

Huang et al. (2017) estimated the costs of a recycling 
process for the valuable materials derived from silicon PV 
modules. The authors affirm that revenue earned is enough 
to cover the recycling cost and maintain a profitable recy-
cling business without any government support. However, 
Deng et al. (2019) concluded that glass recycling is eco-
nomically viable only in countries where landfill rates are 
high or module landfilling is prohibited. In addition, me-
chanical processing and thermal recycling need to have 
their costs reduced by at least 30% to become econom-
ically viable. According to the authors, the application of 
large-scale recycling requires governments to act in reduc-
tion costs and regulation, manufacturers include recycling 
in design, and that recyclers search methods for silver and 
Si wafer recovery at lower processing costs. The study rec-
ommend that governments, manufacturers and recyclers 
work collaboratively to build a recycling network. In another 
paper, authors concluded that the circular use of high‐pu-
rity silicon and intact silicon wafers from EoL PV modules 
can be economically feasible with a reduction of 20% in 
manufacturing cost in the second‐life modules, despite 
some efficiency reductions (Deng et al., 2020).

1.6 PV Modules Recycling Methods
Currently, silver is the metal of greatest interest in the 

recycling process c-Si panel (Dias et al., 2016; Tao & Yu, 
2015) because it is a precious metal and its recovery adds 
economic value to the recycling of PV modules (Chancerel 
et al., 2009; Padoan et al., 2019). In the hydrometallurgical 
process, nitric acid is often applied to separate silver from 
PV cells. In this case, the purified crystalline silicon (solid 
phase) can be filtered, whereas the soluble silver in the lea-
chate can be recovered from the residual acid by electrol-
ysis or precipitation (Dias et al., 2016; Klugmann-Radziem-
ska et al., 2010; Klugmann-Radziemska & Ostrowski, 2010; 
Kuczyńska-Łażewska et al., 2018; Latunussa et al., 2016; 
Shin et al., 2017).

 Dias et al. (2018) separated waste of silicon-based PV 
modules using an electrostatic separator after mechani-
cal milling. Granata et al. (2014) investigated the recycling 
of polycrystalline silicon, amorphous silicon and CdTe PV 
panels by two alternative sequences of physical opera-
tions: two-blade crusher rotors followed by thermal treat-
ment and two blade crusher rotors followed by hammer 
crushing. The best option was the treatment route that in-
volved (1) crushing by two-blade rotor crusher; (2) hammer 
crushing; (3) thermal treatment at 650°C of fractions larger 
than 1 mm; and (4) screening through a 0.08 mm sieve. 
By these operations, around 85% of the total weight of the 

panels was recovered as glass from the fractions larger 
than 0.08 mm. Concerning the thermal treatment, they ob-
tained about 10% weight loss for silicon panels, referring to 
degradation of the EVA.

Physical methods can be used to concentrate silver 
and silicon, and to reduce the consumption of chemical 
reagents. It is known that the major components of c-Si 
panels, including glass, aluminum, and copper, can be re-
covered with cumulative yields greater than 85%, relative 
to panel mass, through purely mechanical separation. It is 
understood that physical treatments such as crushing and 
grinding have the advantage of being inexpensive and al-
lowing direct glass recovery. However, they cannot achieve 
the recovery of high-value materials such as silver, which 
requires more elaborate treatments. However, without a 
combination of thermal, chemical, or metallurgical steps, 
the impurity levels of the recovered materials could be high 
enough to reduce resale prices (Latunussa et al., 2016; 
Sander et al., 2007). Another concern is that crushing and 
grinding produce a large amount of dust and noise pollu-
tion (Xu et al., 2018). 

Thermal decomposition is commonly used to separate 
material layers and remove polymers, as well as to recover 
materials such as glass, silicon, silver and copper (Dias et 
al., 2017; Fiandra et al., 2019; Gustavsson et al., 2006; Wang 
et al., 2012). Polymers thermal degradation should be per-
formed in conjunction with an industrial-scale air pollution 
treatment system due to emissions (Huber et al., 2009). 

Danz et al. (2019) studied the pyrolysis of PVF from the 
backsheet. The authors observed that the main pyrolysis 
reactions occurred between 400°C and 500°C and that 
temperature increases beyond the upper bound did not 
produce a significant mass loss. Farrell et al. (2019) looked 
at the effect of pyrolysis on EVA backsheet and two-stage 
decomposition was observed. In the first stage in which 
a temperature range was from 310 to 390°C, there was 
the removal of acetic acid from the vinyl acetate mono-
mer within the EVA structure, with a mass loss of approxi-
mately 22.6 wt.%. In the secondary stage, at a temperature 
range of 410-510°C, there was a mass loss of 75.7 wt.%. 
Prado (2019) reported that 80% of the backsheet from the 
PV module was decomposed between 400 and 500°C in a 
nitrogen atmosphere. Dias et al. (2017) also evaluated the 
pyrolysis of the polymers from PV modules and reported 
that 75 wt.% was degraded when it reached 500°C in a ni-
trogen atmosphere. 

Fiandra et al. (2018) compared the mass loss of ther-
mal degradation under inert atmosphere (nitrogen) and ox-
idizing atmosphere (air). The authors reported that the ox-
ygen present in an atmosphere can accelerate the process 
of EVA and backsheet degradation. Thus, because of this 
and the lower costs, it was decided to work with an oxidiz-
ing atmosphere (ambient air). Under oxidizing conditions, 
it was observed that heat treatment at 450°C was signifi-
cantly less efficient than at 500 and 600°C. However, there 
was no significant difference between 500 and 600°C. The 
optimal operating conditions were 500°C and oxidizing at-
mosphere with a dwell time of 1 h. 

Right after thermal treatment of non-comminuted PV 
samples, Fiandra et al. (2018) and Fiandra et al. (2019) 
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used sieves with different size apertures to separate the 
material obtained into three fractions: copper ribbons, 
glass and silicon. However, these papers do not detail how 
many or which sieves were used. In order to recycle poly-
crystalline silicon, amorphous silicon and CdTe PV panels, 
Granata et al. (2014) used 5 different sieves (8 mm, 5 mm, 
1 mm, 0.4 mm, 0.08 mm) after crushing operations and 
thermal treatment. 

Pagnanelli et al. (2017) utilized sieving after mechan-
ical treatment, i.e., a triple crushing, obtaining three frac-
tions: an intermediate fraction (0.4–1 mm) of directly 
recoverable glass (17 wt.%); a coarse fraction (>1 mm) re-
quiring further thermal treatment in order to separate EVA-
glued layers in glass fragments; a fine fraction (<0.4 mm) 
requiring chemical treatment to dissolve metals and obtain 
another recoverable glass fraction.

Dias et al.(2016) studied two methods to concentrate 
silver from waste modules. In the first method, the mod-
ules were milled, sieved, and leached in nitric acid solution 
with sodium chloride. In the second method, PV modules 
were milled, sieved, subjected to pyrolysis at 500°C, and 
leached in nitric acid solution with sodium chloride.

Weckend et al. (2016) explained that sieves are one 
of the typical pieces of equipment used in panel recycling 
to separate impurities and other materials such as glass. 
Magnets, crushers, eddy-current devices, optical sorters, 
inductive sorters, and exhaust systems are also used. 
Nevertheless, sieving systems are often used to separate 
materials from other waste electrical and electronic equip-
ment, such as LEDs (Cenci et al., 2021), Li-ion batteries 
(Granata et al., 2012), portable batteries (Bernardes et al., 
2004) and cell phones (Kasper, 2011).

The removal of the polymers results in cleaner silicon 
without the presence of organic matter. Thus, it is impor-
tant to define better thermal parameters that result in more 
concentrated materials. The objective of this study was to 
define parameters such as atmosphere type, temperature 
and time to be used in thermal treatment, aiming at the deg-
radation of polymers and the concentration of materials, 
especially silver, because the recovery of this precious met-
al is important to add economic value to make recycling 
feasible. This work studied how the thermal treatment time 
influences the mass loss (degraded polymers) and the 
chemical composition of the obtained material fractions.

2. MATERIALS AND METHODS
In Figure 1, the methodology applied in this work is out-

lined. Preliminary results of this work were presented at the 
Fifth Symposium on Urban Mining and Circular Economy 
Virtual Event held on November 18 - 20, 2020. The full pa-
per was published in the proceedings of SUM 2020 (ISBN: 
9788862650236). In this study, a donated cracked poly-
crystalline silicon PV module was used. The unit was man-
ufactured in 2018. It had a mass of 22 kg and dimensions 
of 1956 mm x 992 mm x 40 mm.

2.1 Characterization
The object of this work was the c-Si PV laminate, that is, 

module without frame and junction box. Thus, the first step 

was manual dismantling to remove the aluminum frame 
and the junction box. 

2.1.1 Chemical Analysis
Subsequently, the c-Si PV laminate was fragmented 

into smaller pieces so that it would fit in the mill. The frag-
ments from the laminate were comminuted in a knife mill, 
using a screen with 1 mm opening. The knife mill used 
was the SM300 model of the Retsch brand (Figure 2a). For 
characterization, 500 g of sample was ground, at 1500 rpm, 
until it reached a particle size less than 1.0 mm (verified 
in bench sieves). To ensure homogeneity and represent-
ativeness, the ground PV laminate was quartered (Figure 
2b), and subsequently, three samples were analyzed (twice 
each sample) by X-ray fluorescence analysis (XRF). The 
portable analyzer used was a Thermo Nilton XL3t model of 
the Thermo Scientific brand (Figure 2c).

In the XRF analysis performed in this work, it was not 
possible to identify elements with atomic mass less than 
12, such as hydrogen, oxygen and carbon. Thus, in this pa-
per, we will identify this category as “Unidentified Elements” 
(UE). Polymers are mostly composed of these elements. 
Thus, the mass of the polymers present is included in this 
category when analyzed by XRF. Glass is composed mainly 
of SiO2 and, consequently, part of its mass is also unidenti-
fied by the equipment. “X-ray diffraction analysis” (XRD) is 
required to differentiate the silicon from the glass and the 
crystalline silicon from the PV cell by chemical analysis. 
However, it is possible to visually differentiate these mate-
rials in the samples. 

Furthermore, the white backsheet composed of poly-
mers was also removed manually and separately charac-
terized. The white backsheet composed of polymers was 
chemically identified using Fourier Transform Infrared 
Spectroscopy Analysis (FTIR). The FTIR Spectrophotome-
ter used was a Spectrum 1000 model of the Perkin Elmer 
brand. The identification of these polymers is important 
to indicate the possible gaseous emissions of the studied 
processing route, based on the scientific literature.

2.1.2 Thermogravimetric Analysis 
Three Thermogravimetric Analysis (TGA) were carried 

out to determine what is the ideal temperature for thermal 
treatment and what is the best atmosphere (inert or oxi-
dizing) to be used. The thermogravimetric equipment used 
was the model Q50 of TA Instruments brand.

Thus, in the first stage, the backsheet material samples 
were subjected to TGA under two different atmospheres in 
order to verify which atmosphere would provide the great-
est thermal decomposition. Inert atmosphere (gaseous 
nitrogen) was used in one sample. In another sample ox-
idizing atmosphere (synthetic air) was used. 

After this preliminary analysis, a third sample of the 
ground PV laminate was also analyzed by TGA. In this 
stage, sample comminuted (particle size 1 mm) was then 
quartered to guarantee homogeneity, and a 10 mg sample 
was analyzed. This analysis allowed to determine the tem-
perature of the highest thermal degradation, which was 
chosen as the operating temperature for the thermal treat-
ment. 
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FIGURE 1: Flowchart of the general methodology applied in the work.

The three analyses were performed with a heating rate 
of 20°C/min, and the peak temperature was 940°C.

2.2 Thermal Degradation and Silver Concentration
The objective to work with thermal treatment on sam-

ples without comminution was to degrade the polymers 
present and separate the layers from PV cells. In this study, 
the samples used were 8 cm x 8 cm (Figure 3a), with an 
average mass of 57.33 g and a standard deviation of 2.27 
g. Each sample was deposited in a ceramic crucible with 
the polymeric back layer facing upwards (Figure 3b), under 
an oxidizing atmosphere (ambient air), and heating rate of 
9° C/min from an initial temperature of 50°C. The thermal 
treatment was carried out in a Sanchis N1100H furnace 
(Figure 3c), installed inside an extractor with a gas suction 
system. 

At the operating constant temperature (500°C), deter-
mined by TGA analysis, different times of residence in the 
furnace were tested (30, 60, 90 and 120 min.). All tests 
were performed in triplicate. After 24 h inside the turned-
off furnace, the samples reached room temperature. The 

mass of the sample was then measured. Thus, the mass 
reduction relative to the original sample was calculated to 
understand the relationship between time and the degrada-
tion of polymeric matter, in mass percentage.

Subsequently, the glass (GL) and copper ribbon (CR) 
fractions, visually identified by color difference, were man-
ually separated from the fraction composed of silicon frag-
ments (with a printed matrix of silver paste) and residual 
polymers (SS). All fractions had their masses measured 
to calculate the percentage mass relation. The SS sam-
ples (totaling 12 samples) were macerated and analyzed 
by XRF (three measurements for each sample). The silver 
concentrations of the ground PV laminate were compared 
with the SS samples from the furnace times applied (30, 
60, 90 and 120 min at 500°C).

In addition, statistical tests were applied to analyze and 
compare the percentage values of thermal degradation of 
the 4 residence times studied. The procedure used is de-
scribed in detail in the works of Callegari-Jacques (2003), 
Scheff (2016) and Hoffman (2019). The parameters sub-
mitted to the statistical analysis were the “Percentages of 
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Thermal Degradation” for each of “Thermal Time Lengths 
(minutes)”,i.e., 30, 60, 90, and 120 minutes. The ANOVA test 
(parametric condition) and the Kruskal-Wallis test (non-par-
ametric condition) are indicated for comparison between 
sample groups. The special conditions for performing the 
ANOVA test are homogeneity between the variances of the 
sample groups and the normal distribution of the data. If 
these conditions are satisfied by the Shapiro-Wilk (normal-
ity check) and Levene (homogeneity of variances check) 
tests, the ANOVA test can be performed. Otherwise, the 
comparison between sample groups should be performed 
by the non-parametric Kruskal-Wallis method. 

Once the ANOVA and Kruskal-Wallis tests result in 
non-similarity between the sample groups analyzed, mul-
tiple comparison tests should be performed to define 
which sample group is significantly different from the oth-
ers and whether it is considered larger or smaller. Calle-
gari-Jacques (2003), Scheff (2016) and Hoffman (2019) in-
dicated Tukey’s multiple comparison test for the parametric 
data condition and Dunn’s multiple comparison test for the 
non-parametric condition. The tests were performed at a 
95% confidence level, where p-value conditions greater or 
less than 0.05 indicate acceptance of the null hypothesis 

or rejection, respectively. Minitab 17 software was used to 
perform the tests.

3. RESULTS AND DISCUSSION
3.1 Characterization
3.1.1 Chemical Analysis

As shown in Table 1, the average silver concentration 
detected in this study was 151.1 ± 9.1 ppm, which can 
be considered low even compared to others works. The 
amount of silver found was closer to the values of Pagnanel-
li et al. (2017), 77.8 ppm, and Tao et al. (2020), 60 ppm. 
These studies reported lower silver concentrations. Jung 
et al. (2016) reported an intermediate silver amount, while 
Latunussa et al. (2016) and Dias et al. (2016) found higher 
concentrations. The cited studies report a range of silver 
concentrations from 60 to 632 ppm, i.e., a 10-fold variation. 

Factors such as the PV panel brand, country of origin, 
year of manufacture, among others, can contribute for ex-
plain this wide variation in the reported silver concentra-
tions. This fact is corroborated by some studies. According 
to Peeters et al. (2017), there is a tendency for the concen-
tration to decrease over time. For example, modules manu-
factured in 2000 had 2,182 ppm silver, while in 2015, it had 

FIGURE 2: Metal content characterization (a) knife mill (b) stainless steel sample quarters (c) portable XRF analyzer and sample storage 
capsules for analysis, highlighted in red.

(a) (b) (c)

(a) (b) (c)(c)

FIGURE 3: (a) Sample with dimensions 8 x 8 cm (b) Sample before heat treatment in a ceramic crucible (c) Sanchis N1100H furnace.
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1239 ppm (Soltech, 2016). Weckend et al. (2016) also em-
phasized that the trend is to reduce the application of these 
metals in PV, stating that less than 0.1% of the module is 
composed of silver and other metals (mainly tin and lead). 

Furthermore, 1530.8 ± 27.6 ppm of copper was detect-
ed in the ground PV laminate of this study. Comparing the 
studies of various authors, it is observed that there is a high 
variation between the concentrations, from 18.8 to 10,000 
ppm. However, most of the already cited studies showed 
values above 5,700 ppm. Peeters et al. (2017) explained 
that copper is expected to gradually replace silver in c-Si 
panels, so it can be assumed that the copper content of PV 
panels will increase over time. The copper content comes 
mainly from the ribbons arranged on the PV cell to collect 
the generated power. These copper ribbons could be sent 
directly for recycling if they are separated from the rest.

Another important point was the detection of lead, a 
hazardous metal. The PV laminate studied showed 353.4 
± 39.1 ppm of lead, and other cited works indicate values 
between 200 and 1000 ppm. The origin of the lead could 
be from lead-tin solders, used to join the copper ribbons to 
the PV cell. The tin concentration was 552.9 ± 77.1 ppm, 
i.e., 1.6 times higher than the amount of lead. Iron, titanium, 
antimony, nickel, and zinc also were detected. Concerning 
these metals, further studies and more precise analyses 
are needed for better chemical characterization. Howev-
er, the purpose of this work is to have an easily measured 
comparison parameter, especially for silver, to evaluate the 
concentration capacity of the developed route.

The components detected in more proportion in the 
samples were the silicon (31.7 ± 1.7 wt.%) and unidentified 
elements (UE = 65.81 ± 2.7 wt.%). The silicon is used both 
as a component of the PV cell, as much as a component of 
glass, and can be differentiated by XRD. About 58 wt.% (a 

high amount) is composed of unidentified elements. These 
elements can be from the polymeric fraction and the oxy-
gen present in the silicon dioxide (the main component of 
glass). The removal of glass and polymer layers, and con-
sequent reducing the UE, can contribute to concentrating 
silver by physical methods. Besides, considerable quanti-
ties (%) of calcium and magnesium also were detected in 
the ground samples, which are derived from glass.

Ethylene-vinyl acetate (EVA), polyvinyl fluoride (PVF or 
Tedlar®) and polyethylene terephthalate (PET) were identi-
fied in backsheet composition by analysis of the FTIR spec-
trum (Figure 4).

Concerning EVA, the literature reports that ethylene ab-
sorption bands occur in 2920 cm-1, 2850 cm-1, 1470 cm-1, 
720 cm-1 while vinyl acetate bands occur in 1740 cm-1, 1240 
cm-1, 1020 cm-1 and 610 cm-1 (Meszlényi & Körtvélyessy, 
1999). In Figure 4, it can be observed EVA bands in 2927 
and 2856 cm-1 resulting from symmetrical and asymmetric 
C—H stretching, in 1733,15 cm-1 caused by C=O stretching of 
the ester group, and in 1236,36 cm-1 due to COO stretching. 

Regarding PVF, three characteristic peaks appear in 
850 cm-1, 1400 cm-1 e 1200 cm-1. The first two peaks happen 
due to the C—F stretching vibration, whereas the third peak 
results from the C—C bonding (Koenig & Mannion, 1966; 
Zerbi & Cortili, 1970). An absorption band from strong in-
tensity was observed in 1000 at 1110 cm-1 (peak in 1116, 
47 cm-1) due to C—F stretching vibration, typical from PVF. 

With respect to PET, typical deformations exist in the 
regions of 2900 cm-1 referent to the CH3 group; 1715 cm-1 
and another in 730 cm-1 relating to the C=O group. Also, 
there are peaks in 1460 cm-1 and 977 cm-1 which are cor-
responding to EG, as well as in 1250 cm-1 referent to the 
(C=O)-O group. The band at 725 cm-1 appears at lower 
frequencies than is usual for a benzene ring because of 

Ground PV Laminate Dias et al. 
(2016)

Latunussa et al. 
(2016)

Jung et al. 
(2016)

Pagnanelli et al. 
(2017)

Tao et al. 
(2020)

Valuable Metals (ppm)

Ag 151.1 ± 9.1 632 530 378.9 77.8 60

Cu 1530.8 ± 27.6 2984 NI 6660.0 18.8 6.000

Majority Elements (wt.%)

UE 58.1 ± 2.7 NI NI NI NI NI

Si 31.7 ± 1.7 NI NI NI NI NI

Ca 6.9 ± 0.5 NI NI NI NI NI

Mg 0.8 ± 0.2 NI NI NI NI NI

Minority Elements (ppm)

Fe 3626.1 ± 53.1 NI NI NI 870,2 NI

Ti 1482.7 ± 16.6 NI NI NI 26.2 NI

Sb 1194.5 ± 161.0 NI NI NI NI NI

Sn 552.9 ± 77.1 558 NI NI NI 1.200

Pb 353.4 ± 39.1 418 NI 211.6 NI < 1.000

Ni 183.7 ± 19.0 NI NI NI NI NI

Zn 43.9 ± 8.1 NI NI NI 450.3 NI

NI: Not Informed
UE: Unidentified Elements by XRF Analysis. They are elements with atomic mass less than 12, such as hydrogen, oxygen, and carbon.

TABLE 1: Elemental concentrations of the ground PV laminate, obtained by XRF analysis, compared with data from other studies.
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the extensive delocalization of the system of π-electron in 
the molecule, characterizing a para-substituted ring. When 
the ester group is attached to an aromatic ring, the C=O 
stretching vibration absorbs at lower frequencies, 1720 cm-

1. The aromatic part is easily identifiable by the C=C stretch-
ing of the ring at 1150, 1600-1500, 1235 cm-1 and one or 
more deformation modes at 850-700 cm-1. Two peaks are 
characteristic of the terephthalate in the region of the C—O 
stretching vibration at 1110 and 1263 cm-1 (Santos, 2009). 
In Figure 4, the characteristic band of C—H stretching from 
the aromatic ring may be visualized in approximately 3400 
cm-1, The band at 2921 cm-1 is relative to the CH2 bonds, 
when the ester group is attached to an aromatic ring, and 
the C=O axial strain absorbs at lower frequencies (in this 
case at 1717 cm-1). The aromatic part is easily identifiable 
by the C=C deformation of the ring at 1600-1450 cm-1, and 
two characteristic peaks of the terephthalate in the region 
of the C—O deformation at 1100 and 1300 cm-1.

This analysis was hindered because the backsheet is a 
multilayer material. In this case, some characteristic bands 
of materials may be overlapped and/or extended. Howev-
er, this identification is corroborated by studies reported by 
other authors (Adothu et al., 2020; Aryan et al., 2018; Danz 
et al., 2019; Dias et al., 2017; Farrell et al., 2019; Huang et 

al., 2017; Peeters et al., 2017; Pinho & Galdino, 2014; Sand-
er et al., 2007). 

3.1.2 Thermogravimetric Analysis 
The backsheet samples used in the TGA were not com-

minuted. Instead, pieces were taken from the module and, 
therefore, well represented a PV laminate. Therefore, the 
TGA closely represents what would occur in the backsheet 
when kept intact in a thermal degradation.

Figure 5 shows that the backsheet lost 92.5 wt.% of 
its mass at 500°C in a nitrogen atmosphere. The sample 
reached 95 wt.% of reduction at 900°C, i.e., from 500°C on-
wards there was a slow decomposition. The module used 
in our study showed higher percentage values of thermal 
degradation than the other mentioned studies. However, 
it presented stages similar to those reported by other au-
thors, that is, significant decomposition up to 500°C and 
slow degradation from that temperature onwards. The 
temperature of 500°C allows for the highest decomposi-
tion under nitrogen atmosphere for the polymers from the 
PV module (Dias et al., 2017), for backsheet (Prado, 2019), 
for PVF (Danz et al., 2019) and EVA (Farrell et al., 2019), as 
well as for the samples seen in our study (Figure 5).

In an oxidizing atmosphere (synthetic air), it can be 

FIGURE 4: FTIR of the backsheet.
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seen in Figure 6 that there was an approximate reduction 
of 90 wt.% of the mass at 500°C. When reaching 600°C, 
the sample reached 97.5 wt.% of reduction. From 600°C 
to 900°C the curve stabilized. Therefore, in an oxidizing at-
mosphere, 97.5 wt.% of the mass was reduced at 600°C, 
while in an inert atmosphere, 95 wt.% of degradation was 
reached only at 900°C. In both atmospheric conditions, 
there were two stages of decomposition. 

The main thermal degradation products of PVF are HF 
(at 350°C) and benzene (at 450°C). PVF decomposes in the 

air at temperatures above 350°C by dehydrofluorination. 
Benzene is formed by chain scission and subsequent cy-
clization of PVF films at high temperatures but maintains 
considerable strength after thermal aging at 217°C (Drob-
ny, 2001; Huber et al., 2009; Scheirs, 1997). The first stage 
of the curve can be attributed to these reactions.

Figure 7 shows the TGA analysis of the PV laminate un-
der oxidizing conditions. As seen in Figure 7, the thermal 
degradation curve stabilized at 500°C, with 20% of mass 
loss, referent to the polymeric fraction. Other authors have 

FIGURE 6: TGA of the backsheet under oxidizing atmosphere (synthetic air).

FIGURE 5: TGA of the backsheet under inert atmosphere (nitrogen gas).
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also indicated 500°C, in an oxidizing atmosphere (Fiandra 
et al., 2018) and a nitrogen atmosphere (Dias et al., 2017), 
as the ideal temperature for thermal degradation. 

3.2 Thermal Degradation and Silver Concentration
In samples submitted to the 30 min of thermal treat-

ment (at 500°C constant temperature), it was possible to 
observe the presence of dark-colored polymeric residues 
(Figure 8a). In samples submitted at heat treatment by 60 
min (Figure 8b) or more, it was possible to observe that 
these residues have become white and have gradually de-
creased (Figure 8d). Thus, with the increase in the treat-
ment time, the polymeric fraction was reduced and the 
sample stayed with a visually cleaner appearance. The 
removal of polymeric residues is necessary to purify the 
SS fraction. In a later stage of leaching silver with nitric 
acid, where the silicon fragments would be retained in the 
filtrate, the presence of polymers could reduce the quality 
of this recovered silicon. Considering that the TGA analysis 
identified that 20% of mass can be thermally degraded, val-
ues of mass loss must stay close to this level. 

Table 2 shows the average percentage of thermally de-
graded mass as well as the percentages of the glass (GL), 
silicon-silver (SS). and copper ribbon (CR) fractions for 
each furnace dwelling time. 

The thermal degradation followed by manual segre-
gation increased the silver concentration concerning the 
ground PV laminate (Table 2), due to the removal of pol-
ymers, the glass fraction and copper ribbons. In SS sam-
ples, the average concentration was 3074.7 ± 440.6 ppm, 
i.e., its concentration was approximately 20 times greater 
than the ground PV laminate (152.4 ± 9.1 ppm). According 
to Sverdrup et al. (2014), high concentration silver ore has 
60 to 100 ppm silver. Through the route presented, a con-

centration 30 times higher than that present in the ore was 
obtained. Thus, with recycling PV modules, the demand for 
mining and its consequent impacts is reduced. 

According to Table 2, the percentage values   of lost 
mass ranged from 12.82 ± 0.15 wt.% to 13.62 ± 0.02 wt.%. 
Initially, increasing the oven time increased the percentage 
of the mass degraded (Table 2). By visual analysis, it was 
also possible to see that the amount of polymeric residue 
decreases as the thermal treatment time increases (Figure 
8). According to the ANOVA test, there is a statistical differ-
ence in at least one of the sample groups (p-value = 0.001, 
accepting the alternative hypothesis of difference between 
sample groups). The Tukey test reports that the values for 
90 and 120 min are similar to each other and higher than 
the others (p-value = 0.062, greater than 0.05, accepting the 
null hypothesis of similarity between the sample groups). 
Thus, the statistical tests showed that the degradation sta-
bilized at two longer times. The means of degraded mass 
for 90 and 120 min were the largest, although the 120-min 
samples visually showed less polymeric residue (Figure 
8d). Possibly, the mass of these polymers present in the 
90-min samples is so small that it does not result in signifi-
cant differences. The 90-min application was indicated and 
justified to avoid unnecessary energy consumption. The 
sequence of tests and the respective results are present-
ed in “APPENDIX - STATISTICAL ANALYSIS OF THERMAL 
DEGRADATION”.

The TGA/DSC analysis of the ground module with the 
backsheet (Figure 7) shows that it is possible to thermally 
remove 20 wt.% of the total mass. Despite the high ener-
gy consumption, maximum removal of about 13.62 ± 0.02 
wt.% was achieved, i.e., about 68% effectiveness. The pres-
ence of the backsheet may hinder the transport of heat and 
oxygen, reducing decomposition. As already mentioned, 

FIGURE 7: TGA of the ground PV laminate under oxidizing atmosphere (synthetic air).
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the backsheet is composed of PVF and its burning gener-
ates HF (350°C) and benzene (450°C) (Huber et al., 2009), 
in addition to dioxins and furans. Therefore, removing the 
backsheet before burning could result in benefits such as 
more silicon purification, reduced furnace time and lower 
toxic emissions.

 The fractions obtained after heat treatment showed 
similar percentage amounts, as shown in Table 2. The 

Silver (ppm) c d % Lost Mass e wt.% SS f wt.% CR f wt.% GL f

Ground PV Laminate a 152.4 ± 9.1 Not applicable Not applicable Not applicable Not applicable

30 min at 500°C b 2990.6 ± 288.5 12.82 ± 0.15 6.21 ± 0.29 1.07 ± 0.20 79.90 ± 0.33

60 min at 500°C b 3135.2 ± 469.2 13.18 ± 0.16 6.12 ± 0.17 1.38 ± 0.21 79.32 ± 0.29

90 min at 500°C b 2934.9 ± 509.1 13.62 ± 0.02 6.38 ± 0.16 1.04 ± 0.11 78.96 ± 0.04

120 min at 500°C b 3280.7 ± 422.8 13.28 ± 0.17 6.24 ± 0.06 1.22 ± 0.22 79.27 ± 0.42

SS: Silicon fragments with a printed matrix of silver paste and residual polymers
CR: Copper ribbon
GL: Glass
a Polycrystalline silicon module without aluminum frame and junction box that was ground in a knife mill - particle size smaller than 1 mm.
b Silver concentration for the SS (Silicon-Silver) sample, after maceration.
c X-ray Fluorescence Analysis. 
d Ore with a high concentration of silver has 60-100 ppm of this element, according to (Sverdrup et al., 2014).
e Regarding the decomposition of the polymeric fraction, after furnace treatment.
f Mass percentages of the manually segregated fraction.

TABLE 2: Silver concentrations (ppm) for the ground PV laminate and SS samples for the furnace times applied at 500°C. Percentage 
mass removed after thermal degradation related to the decomposition of the polymers present. Percentage Mass of Fractions SS, CR and 
GL obtained in the samples after the furnace.

FIGURE 8: Different samples after furnace, which were kept at constant 500°C temperature for (a) 30 min (b) 60 min (c) 90 min (d) 120 
min.

samples showed average percentage values of 6.23 ± 0.19 
wt.% for SS. Fiandra et al. (2019) recovered 6.37 wt.% of 
the equivalent fraction. This value not only reflects the 
amount of silicon but also a load of undecomposed pol-
ymers. Therefore, a higher decomposition will result in a 
lower percentage. 

 An average value of 79.37 ± 0.43 wt.% of glass was 
obtained GL fraction. Other studies have indicated 70 wt.% 

(a) (b)

(c) (d)
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(Latunussa et al., 2016),71.20 wt.% (Fiandra et al., 2019), 
74.16 wt.% (Fiandra et al., 2018), and 74 wt.% (Tao et al., 
2020), of glass present in the PV modules. An average val-
ue of 1.19 ± 0.22 wt.% of copper ribbons was obtained in 
the CR fraction, while Fiandra et al. (2019) recovered 0.51 
wt.% to ribbons.

In this work, the segregation of the fractions was per-
formed manually on a laboratory bench. However, it is nec-
essary to study methods applicable on an industrial scale. 
The glass fragments could be segregated by suction cups 
and sieving systems, while copper ribbons could be sepa-
rated by electrostatic separation (Dias et al., 2018). Silicon 
fragments break easily, which reduces their size, so they 
could be separated by sieving as well.

Table 3 presents the concentrations of silver, copper, 
unidentifiable elements (UE), silicon, lead and tin of the 
SS fractions according to furnace times, compared to the 
composition of the ground PV laminate. UE are the ele-
ments with atomic mass less than 12, such as hydrogen, 
oxygen, and carbon, which were not identified by the XRF 
equipment that was being used.

 Besides the silver increment, a reduction of about 5.6 to 
16.4 times in the amount of copper present in the SS frac-
tion was observed because this material stayed in the CR 

fraction after the manual separation. It was also possible 
to observe an increase in the amount of silicon (1.7 to 1.8 
fold) and a reduction in the mass of unidentified elements 
(1.8 to 2.1 fold). The increase in the degraded percentage 
was consistent with the reduction in unidentified elements. 
The UE ratios by percent decomposition were 2.4 for 30 
min, 2.2 for 60 min, 2.0 for 90 min, and 2.2 for 120 minutes. 
Other elements that were also more concentrated in the 
SS fraction were lead and tin. Despite the removal of the 
copper ribbons, the lead amount increased 3.0 to 4.6 times, 
and tin increased 3.0 to 3.6 times. In a study about the 
composition of Si cells extracted from modules (in weight 
percent), Tao et al. (2020) reported that 2.9% of composi-
tion was tin and 2.4% was lead. So, it is important to devel-
op methods for these metals to be removed from the SS 
fraction, since this fraction, subsequently, will undergo an 
acidic leaching process to recover the silver.

The GL fraction is composed of fragments of tempered 
glass from the PV laminate. As seen in Table 4, the con-
centrations of the GL fraction were not altered by the var-
iation from 30 to 120 min in thermal treatment. Visually, 
the glass fragments were similar regardless of the thermal 
treatment time. The average composition was 67.03 ± 1.02 
wt.% of the unidentified elements, 25.41 ± 0.83 wt.% of 

Ground PV Laminate SS30m SS60m SS90m SS120m

Valuable Metals (ppm)

Ag 151.1 ± 9.1 2990.6 ± 288.5 3135.2 ± 469.2 2934.9 ± 509.1 3280.7 ± 422.8

Cu 1530.8 ± 27.6 93.5 ± 6.9 94.3 ± 16.5 119.7 ± 28.3 274.0 ± 45.5

Majority Elements (wt.%)

UE 58.1 ± 2.7 31.3 ± 2.9 29.4 ± 3.6 27.4 ± 2.2 28.9 ± 2.3

Si 31.7 ± 1.7 52.7 ± 1.4 56.1 ± 3.0 56.8 ± 3.1 55.1 ± 1.1

Hazardous Metals (ppm)

Pb 353.4 ± 39.1 1233.8 ± 221.6 1051.9 ± 54.0 1394.6 ± 160.2 1628.4 ± 400.5

Sn 552.9 ± 77.1 2003.7 ± 628.4 1963.3 ± 590.3 1764.9 ± 615.8 1664.1 ± 628.7

UE: Unidentified Elements by XRF Analysis. They are elements with atomic mass less than 12, such as hydrogen, oxygen, and carbon.

Ground PV Laminate GL30m GL60m  GL90m GL120m

Valuable Metals (ppm)

Ag 151.1 ± 9.1 9.5 ± 1.9 8.0 ± 1.9 8.1 ± 1.6 9.8 ± 2.8

Cu 1530.8 ± 27.6 25.6 ± 3.8 21.1 ± 3.6 23.5 ± 4.3 20.5 ± 4.1

Majority Elements (wt.%)

UE 58.1 ± 2.7 66.8 ± 0.7 68.0 ± 1.2 66.7 ± 0.6 66.3 ± 0.3

Si 31.7 ± 1.7 25.6 ± 0.4 24.5 ± 1.0 25.7 ± 0.4 25.9 ± 0.2

Ca 6.9 ± 0.5 6.3 ± 0.1 6.1 ± 0.1 6.3 ± 0.03 6.3 ± 0.03

Mg 0.8 ± 0.2 0.6 ± 0.2 0.7 ± 0.2 0.7 ± 0.2 0.8 ± 0.1

Hazardous Metals (ppm)

Pb 353.4 ± 39.1 6.8 ± 0.3 8.2 ± 2.2 7.1 ± 1.7 7.6 ± 0.5

Sn 552.9 ± 77.1 57.1 ± 10.8 71.8 ± 5.0 64.0 ± 12.9 56.5 ± 19.7

UE: Unidentified Elements by XRF Analysis. They are elements with atomic mass less than 12, such as hydrogen, oxygen, and carbon.

TABLE 3: Composition of SS fractions, obtained by XRF analysis, compared to the ground PV laminate.

TABLE 4: Composition of GL fractions, obtained by XRF analysis, compared to the ground PV laminate.
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silicon, 6.24 ± 0.10 wt.% of calcium, and 0.73 ± 0.20 wt.% 
of magnesium. These data show us how much the com-
position of the glass interferes in the general composition 
of the module because 79% of the PV laminate resulted in 
glass fragments (Table 2). 

The amounts of copper and silver in the GL fraction 
found were proportionally small, 21.35 ± 6.78 ppm and 8.69 
± 2.13 ppm, respectively. The small silver amount found in 
the glass fragments may be from the fine dust of the SS 
fraction, which cannot be removed manually.

The composition of the CR fraction remained similar 
for all thermal treatment times (Table 5). The average com-
position was 55.69 ± 6.39% copper, 23.17 ± 7.51% lead, and 
16.06 ± 2.12% tin. As previously commented, lead and tin 
are used by solder copper ribbons on the PV cell, thus, its 
presence in this fraction is justified. Moreover, there was 
2.41 ± 0.39% silver and 0.47 ± 0.06% silicon in this fraction. 
Considering that the CR fraction represents only 1 wt.% of 
the PV laminate, any amount of SS adhered to the surface 
of the ribbon will represent a considerable percentage in 
the total composition, higher than the concentration in the 
ground PV laminate.

4. CONCLUSIONS
When comparing the XRF analysis of the ground PV 

laminate with values from other authors, it was observed 
that the metal content of crystalline silicon PV modules 
varies. By FTIR analysis, the backsheet composition was 
identified as PVF, PET and EVA, which is consistent with 
studies by other authors. The TGA analysis revealed that 
the backsheet from PV reached higher percentages of ther-
mal degradation in a lower temperature range, when under 
an oxidizing atmosphere. In an inert atmosphere, 92.5 wt.% 
of the backsheet was decomposed at 500°C, and 95 wt.% 
at 900°C. In an oxidizing atmosphere, 90 wt.% of the mass 
was reduced at 500°C, but 97.5 wt.% at 600°C. It was also 
observed that 20 wt.% of PV laminate was degraded at 
500°C, and from this temperature up to 900°C, there was 
no mass loss.

The thermal treatment used in this study resulted in 3 
fractions: silicon-silver (6.23 ± 0.19 wt.%), glass (79.37 ± 
0.43 wt.%) and copper ribbons (1.19 ± 0.22 wt.%). It was 
also found that 13.62 ± 0.02 wt.% of the polymer mass is 
degraded in 90 min of thermal treatment. The application of 
120 min is not justified because it requires additional time 
and energy to obtain a statistically similar result (p-value 
= 0.062, greater than 0.05, accepting the null hypothesis 

of similarity between the sample groups). Also, the adopt-
ed procedure concentrated silver from 152.4 ± 9.1 ppm to 
3074.7 ± 440.6 ppm on average, an approximately 20 times 
increase in relation to the ground PV laminate. 

The TGA/DSC analysis of the ground backsheet shows 
that, theoretically, it is possible to thermally remove 20 
wt.% of the total mass. However, in this study, maximum 
removal of about 13.62 ± 0.02 wt.% was achieved, i.e., 
about 68% effectiveness. Although the treatment was ef-
fective in concentrating silver, other alternatives can be 
studied to reduce the thermal treatment time and reducing 
the environmental impact of burning PVF. The glass and 
copper ribbons fractions maintained similar compositions 
regardless of the thermal treatment time. The silicon-silver 
fraction also showed high concentrations of lead, which is 
a hazardous metal. Further studies are needed to separate 
and recover these metals. 
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ABSTRACT
The article presents an analysis of influence of biomass pre-treatment and change 
of gasifying agent on the performance of an oxygen-steam-air updraft gasification 
plant and a technological process capable of delivering high quality producer gas. 
The paper shows that high temperature gasification process is stable for wood pel-
lets, torrefied pellets and dry wood chips leading to syngas with calorific value of 
5-5.5 MJ/mN

3 and moderate tar content below 10g/mN
3. After collection of liquids 

removed from syngas during the cleaning process it has been observed that the 
hydrocarbon composition in the torrefied wood fuel sample differs significantly from 
samples derived from wood chips or wood pellets. The paper also covers the influ-
ence of oxygen-steam-air combination on the quality of producer gas showing it can 
produce gas with LHV greater than 8 MJ/mN

3. The effects of process parameters 
change on composition of tars collected with an absorption type gas purification 
unit, designed for dust and tar removal are also reported.

1. INTRODUCTION
The technology of biomass gasification for energy and 

fuel production is now a firmly established alternative to 
incineration (Farzad, 2016; Sikarwar et al. 2017; Kirsanovs, 
2017) in small to large scale installations (Kurkela, 2016; 
Dudyński, 2018). In cases of more specialized applica-
tions such as liquid fuels production or successful energy 
generation with piston engines the tar present in producer 
gas must be removed with cheap and efficient processes 
if the technology were to achieve commercial viability and 
compete with wind and solar installation (Broer, 2015). The 
amount of tar and other contaminants in the gas depends 
on several factors such as: the pre-treatment of biomass – 
e.g., drying and compactification for wood pellets, torrefac-
tion or partial pyrolysis for torrefied pellets, the specifics of 
the gasification process and apparatus, the choice of the 
gasification agent, temperatures of the process and details 
of the gasification chamber construction (Dudyński et. al, 
2015; Dudyński, 2019). We compare the composition and 
volume of tars and hydrocarbons collected from produc-
er gas coolers during air gasification of wood chips, wood 
pellets and torrefied wood pellets. We then chose wood 
chips as the fuel for tests using three different gasification 
agent compositions – air, air and steam, and air, steam and 
oxygen – and compare the resulting composition of pro-
ducer gas and various hydrocarbons collected in various 
stages of the gas purification process. The system used 

for the experiment is an updraft gasifier equipped with a 
steam generator and oxygen enrichment unit presented on 
Figure 1 equipped with an absorptive gas cleaning system 
described in (Dudyński, 2019).

The gasification systems can be used for effective 
energy production in a variety of ways (Arena et al. 2010; 
Bang-Møller et al., 2010) The conventional solution of gen-
erating energy from locally produced biomass waste, wood 
pellets or wood chips by utilizing producer gas burning for 
steam generation process, which is then used for integrat-
ed heat or/and electricity production is now a firmly estab-
lished method (Dudyński et al. 2012; Dudyński 2018). This 
solution has found widespread use in cogeneration instal-
lations (Kirsanovs et al., 2017), but the electric energy ef-
fectiveness is usually far below 20% for small systems. Im-
provements are possible with application of a gas engine 
with effectiveness up to 30%, but such solutions are still 
under development. Gas for piston engines should contain 
less than 50mg/mN

3 of solid particles and up to 100 mg/
mN

3 of tar. Attaining such gas parameters for updraft gasi-
fiers, requires intensive gas cleaning making such systems 
expensive and difficult to operate in small plants ( Koido at 
al., 2017). The more innovative solid oxide fuel cells (SOFC) 
systems with much higher effectiveness of electric energy 
production are also under active development (Brunashi et 
al., 2017). SOFC systems operating on producer gas are 
a promising technology improving both the electrical and 
heat efficiency of the systems however they also require 
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comprehensive gas cleaning and operate at high tempera-
ture exceeding 900K thus requiring dry, high temperatures 
resistant, filter systems (Poncratz at al., 2021) which creates 
new problems for designs and operations (Marcantonio et 
al., 2020). An excellent review of biofuel production from 
biomass gasification including recent hydrogen production 
facilities can be found in (Molino et al., 2018). Supercritical 
water gasification for hydrogen production is described in 
(Correa et al., 2018). It can be an important route for bio 
hydrogen production from biomass. These new technol-
ogies which include steam gasification and supercritical 
water gasification, show a high potential in field-scale ap-
plications, but the selectivity and efficiency of hydrogen 
production must be improved in effective industrial appli-
cations to compare with other sources of hydrogen (Cao 
at al., 2020) and insight in the tar content and composition 
in the producer gas is of importance for all such research. 

The fixed bed, updraft gasification systems are robust, 
reliable, and can scale up to higher capacities although 
they do require effective gas cleaning units and improve-
ments of syngas quality to achieve successful coupling 
with piston engines. Air gasification is a notably simple and 
inexpensive form of the process, however due to nitrogen 
dilution of the producer gas it results in syngas LHV below 
5.5 MJ/mN

3 for dry biomass and even lower for wet mate-
rials like sawdust or feathers (Dudyński, 2015; Chmielniak, 
2019). Typical tar levels for updraft air gasification range 
from 10 to 150 g/mN

3. The tar levels are inversely related 
with syngas temperature, with a notable, sharp drop for 
temperatures over 1050K (Bassu, 2018). Steam is a very 
promising choice of gasification agent as it leads to high 
H2 content but requires temperatures over 1000K for the 
water gas and water shift reaction to be effective. In indus-
trial installations a mixture of steam and air is applied to 
improve gas quality. A steam generator requires additional 
energy but in can be obtained from heat recuperated from 
the piston engines used for electricity generation which in 
turn leads to the improvement of overall efficiency of the 
system. One of the most promising methods of improving 
gas quality is to replace air as the gasification agent with 
oxygen enriched air, mixed with steam to enhance the calo-
rific value of the gas and limit the tar levels (Liu et al., 2018; 
Dudyński, 2019). We developed such a system, the details 
of its design and the results of its operation on dry wood 
chips, pellets or torrefied material and various gasification 
gases are presented below. 

The oxygen generator is a large energy consumer and 
in the presented system up to 20% of the electric energy 
which can be produced with clean gas is internally used, 
however this can be improved in larger systems. Therefore, 
the electricity and energy consumed in the fuel feed, oxy-
gen and steam production, syngas transport and cleaning 
systems are not included in the efficiency calculations for 
the process.

2. THE GASIFICATION UNIT
The paper presents a new, oxygen-steam-air driven 

biomass gasification system and process capable of pro-
ducing syngas with calorific value up to 8 MJ/mN

-3 on a tar 

free basis. This device is an improvement on the biomass 
gasification units successfully used in many industrial lo-
calisations in Poland, intended for energy production using 
waste from technological processes as fuel (Kwiatkowski 
et al., 2013; Dudyński, 2018). The operating scheme of the 
system is presented on Figure 1. In respect to the instal-
lation presented in (Dudyński, 2019) the feed system was 
changed by adding a hydraulic press for wet or bulky mate-
rials and technical details of equipment mixing oxygen rich 
air with steam and hot air making the system more flexible. 
Moreover, all coolers have been grouped into a single sys-
tem and scrubber order in the gas purification system have 
been rearranged leading to improved performance.

The thermocouple T1 is located at the bottom of the 
gasification chamber, T2 above the cones delivering the 
air+steam mixture, T3 at the center of the gasification zone, 
two meters from the bottom and T4 at the top of the cham-
ber close to the syngas outlets. The gasification chamber 
is 6000 mm high with an inside diameter of 2000 mm. This 
installation allows for gasification of different biomass ma-
terials including bulky and wet ones as the residence time 
can be as long as 8 hrs. Various tests for different materi-
als and conditions can thus be performed. 

The presented system is a gasification fixed bed 2MW 
unit which can use hot air, hot air – steam mixture and up to 
40% oxygen air – steam – hot air combination as gasifica-
tion agents. It uses heat from producer gas cooling to heat 
up the primary and secondary air to temperatures above 
520K. The primary air can be mixed with 450K steam to 
form controllable gasifying gases which are injected into 
the chamber at the bottom of the installation. Combination 
of these two streams allows the system to operate in two 
distinct modes suitable for different feeds.

 Low bed height – low steam content in primary air 
which can be applied for wet low calorific fuels. The pro-
ducer gas has a temperature above 1000K at the outlet, 
LHV bellow 3.5MJ/m3 and less than 10 g/m3 of tars.

 High bed height - high steam content in primary air, ef-
fective for dry, high calorific fuels. The gas temperature in 
the gas chamber is 650K, the LHV above 5MJ/m3 and tar 
content can be well above 10 g/m3. 

We presented the extended discussion of the gasi-
fying process in the low bed mode for wet feather fuel in 
(Dudyński et al., 2012; Kwiatkowski et al., 2013) and in the 
present work the high bed mode is analysed.

The oxygen rich air, containing up to 40% of oxygen and 
flow speed standing up to at 100 m3h-1 is produced in a 
separate unit utilising molecular sieves. This air stream is 
mixed with steam prior to its application in the gasification 
process. The role of steam is twofold. First it performs as 
an oxygen dispersive medium preventing occurrences of 
high temperature spots at the bottom of the gasifier, where 
the char and gas burning processes are the most intense. 
Application of oxygen rich air can cause the temperatures 
to locally exceed 2000K posing a serious threat to the gas-
ifier and equipment. Steam and additional air lower the 
oxygen content to a maximum of 25% causing the temper-
atures in the bottom part of the gasifying chamber to stay 
well below 1500K thus ensuring the operations are smooth 
and safe. These temperatures are still very high and in or-
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der to prevent ash sintering we must take care to eliminate 
sand from biomass fuels and keep the temperature in the 
lower part of the gasifier where ash is predominantly pres-
ent below 900K to prevent ash and silica agglomeration 
and melting. The hot gases move up in the chamber and in 
the upper part of the gasification unit the overheated steam 
and CO2 can react with fixed carbon and tars to produce CO 
and H2 in a water-gas and water shift reaction, efficient in 
high temperatures thus significantly improving the produc-
er gas quality and generally lowering temperatures in the 
carbon burning zone. We constructed a unit allowing for 
various combinations of gasification gases delivered via a 
multilayer and multipoint injection system. At the bottom 
of the gasifier four rotating cones equipped with multiple 
inlets are located. The oxygen rich air mixed with steam 
is injected into the bottom part of the unit through these 
cones. Approximately 50% of the oxygen necessary for the 
gasification process is provided through these four injec-
tion ports and most of the hot CO2 and H2O, necessary for 
the process, is produced in the bottom area of the reac-
tor. The remaining air necessary for the process is injected 
with 32 nozzles located above the cones, close to the bot-
tom of the pyrolysis zone. The delivered air reacts with the 
hot pyrolytic carbon producing a CO rich gas and extending 

the high temperature zone in the gasifier thus intensifying 
the process of wood drying and carbonising occasionally, 
in cases of very dry materials, even extending the drying 
process with flash pyrolysis of smallest particles. Such 
a solution guarantees a more uniform distribution of the 
gases and solid material in the chamber, and therefore im-
proves the mixing of the carbonised material with gasifying 
agents. This enhances the effectiveness of the gas produc-
tion and unification of the temperature’s distribution in the 
gasification process. The control unit allows us to contin-
uously change the parameters and the composition of the 
gasifying gases leading to better control of the producer 
gas parameters.

The system maintains 0.2 kPa of negative pressure 
below the atmospheric pressure (1013.25 hPa) in the up-
per part of the gasification chamber. The air flow at the 
bottom of the gasifier can be adjusted to maintain control 
and conditions of the process as well as the stability of 
syngas generation. The test begins with wood chips being 
fed to the gasifier. After achieving stable conditions for bed 
height and temperature distribution inside the gasification 
chamber the fuel feed is adjusted to the required capacity 
and the test runs commence. It means that all test start 
with gasifier containing approximately 2000kg of charcoal 

FIGURE 1: Operating scheme of the biomass gasifying unit.
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from wood chips with a layer of ash at the bottom. We com-
mence all tests with the same initial conditions keeping a 
constant level of material in the gasifier.

Dry fuels are fed with two screw conveyors, one on 
each side of the gasifier, to maintain the level of the bed. 
Liquid fuels can be introduced with a pump system. Both 
dry and liquid fuels are fed in a continuous fashion. Wet 
bulky materials on the other hand are introduced with a hy-
draulic loading drawer in a discontinuous fashion. 

Gas leaving the gasification unit still contains high 
amounts of carbon dust and heavy hydrocarbons which 
must be removed before gas is fed into the engine. With 
high levels of tars and carbon dust the produced gas re-
quires a very efficient purification system. There are various 
methods of gas cleaning and virtually every wood gasifica-
tion unit developed their own unique technology (Boerrgter 
et al., 2004; Bocci et al., 2010; Dudyński, 2019). Our system 
consists of a high temperature ceramic cyclone, integrated 
with the gasifier for particle removal, one air cooler, two wa-
ter coolers capable of lowering the gas temperature below 
60°C, water scrubber, oil scrubber for elimination of tars 
and hydrocarbons and an active carbon filter for final gas 
conditioning. The operating scheme for this unit presents 
on Figure 2 indicating the material flow and temperatures 
during the process.

Syngas cleaning takes place by precipitation and re-
moval of tars and heavy hydrocarbons contained therein by 

adequate cooling of the gas in several stages and absorp-
tion of other impurities in the syngas by gas flow through 
two absorption devices (scrubbers). The first scrubber 
uses water and the other fuel oil as absorbent. Both scrub-
bers are equipped with demisters placed immediately be-
fore the outlet, which keeps the scrubbing liquids inside the 
apparatus.

The gas from the gasification of wood is transported 
to the first exchanger (cooler I) in a counter-current sys-
tem, the gas will be cooled to temperatures in the range of 
100-110°C then the gas moves to the fan and is pumped 
to a two-stage heat exchanger system. On the second and 
third levels of cooling, the temperature of the gas drops 
below the precipitation point of tar and the hydrocarbons 
flow down the walls of the exchangers into the lower parts, 
where a discharge spigot enables liquefied contaminants 
to be collected. An important factor determining the pos-
sibility of precipitation of tars and preventing the forma-
tion of carbon deposits and clogging of exchangers is to 
maintain appropriate temperatures at the inlet and outlet 
of each cooler.

The gas then flows to the water scrubber, where it is 
cleaned of remaining impurities: dust, tars, and water-sol-
uble hydrocarbons. After passing through the water scrub-
ber, the gas will then be fed to the absorption column (oil 
scrubber), where the residual hydrocarbons will be washed 
away by the oil. After cleaning, the gas will be transported 

FIGURE 2: Operating scheme of a gas purification unit.
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to the engine or returned to the combustion chamber.
The oil flowing through the scrubber is pumped to 

the clarifier and then to a candle filter unit. The purified 
and cooled oil is then returned to the absorption column 
(oil scrubber). The water flowing through the scrubber is 
pumped to the clarifier and then recycled to the installation. 
In the future it will be used as a source for steam for the 
gasification process.

Fuel inflow is up to 500 kg/h, air flow in the gasifier is 
600 mN

3/h the raw syngas flow up to 800-900 mN
3/h. In the 

first heat exchanger up to 1000 mN
3/h of air is used. The oil 

flow is 3.6m3/h and in the water scrubber utilises 3.6m3/h 
of water. The oil/syngas ratio is 2.5/1 and water/syngas is 
3.6/1.

3. MATERIALS AND METHODS
The industrial tests have been divided into two stages. 

First, the analysis of influence of the biomass pre-treat-
ments such as drying, pelletisation and torrefaction on the 
composition of the tars and liquids collected in the coolers 
of our cleaning system with methodology like that used 
in our previous tests (Dudyński et al., 2015). Three types 
of fuel have been used - dry wood chips, wood pellets ob-
tained with flash drying of sawdust at 550K, and pellets 
from sawdust torrefied at 560-580K. The liquid condensate 
was cooled and then separated into water containing liquid 
carbohydrates and solid heavy tar. The tars were dissolved 
in solvents and like liquid parts analysed with gas chroma-
tography where components were measured. The heavy 
tars were additionally analysed with a simulated distillation 
method to define boiling points of components.

3.1 Gas chromatography
All water and tar samples were analysed using gas 

chromatography (GC) techniques: Flame Ionisation Detec-
tor (GC-FID) (for quantification) and a Mass Spectrometer 
(MS) (for peak identification) fitted with a High Polarity HP-
FFAP column. The HP-FFAP column (50 m x 0.2 mm x 0.33 
µm) is a high polarity column suited for analyses of organ-
ic acids, free fatty acids, and phenols. Approximately one 
µL of sample was injected into the FC column with a split 
of 200 (if samples were too diluted a split of a 100 was 
used). The GC oven was programmed as follows: Initial 
temperature of 60°C, ramp up of 6°C per minute to 240°C 
and then hold the temperature for 30 minutes (until all 
compounds have eluted). Gas low through the column was 
1.2 per minute (helium in GC-MS and hydrogen in GC-FID).

3.2 Simulated distillation
Simulated distillations (SimDis) were conducted for 

prepared tar samples to determine the boiling point distri-
bution of extracts from biomass gasification tars. Simulat-
ed distillation was conducted on a high temperature GC-FD 
fitted with an ARX 2887 Restek column (10 m x 0.53 mm 
x 0.53 µm). Approximately 0,2 µL sample was injected into 
the GC column per analysis. The GC oven program was as 
follows: initial temperature of 40°C, ramp up of 15°C per 
minute to 540°C and then hold the temperature for 10 min-
utes. 

The second stage of our experiment consists of gasify-
ing the dry wood chips (max 25% of water) as an example 
of the most popular biomass feedstock with three different 
gasifying agents. During the test gas samples have been col-
lected at the inlet and outlet of the purification systems, and 
we measured the effect of application of the complete puri-
fication scheme on the resulting producer gas quality. Addi-
tionally, water samples were collected at the outlet of each 
cooler separately and each sample was analysed with gas 
chromatography to determine the hydrocarbon composi-
tion. Table 1 presents the proximate and elementary analysis 
of the feedstock used for tests in our industrial experiment.

The gradual carbonisation and decomposition of hemi-
cellulose begins in 450K which can be easily reached dur-
ing drying and pelletisation of sawdust, this process is ex-
acerbated at higher temperatures (Partridge et al., 2020) 
leading to a gradual rise of carbon content in biomass feed 
from wood chips to pellets to torrefied pellets.

4. RESULTS
4.1 Collection of hydrocarbons 

A test has been conducted for three fuel types - wood 
chips, wood pellets and torrefied pellets. The test for each 
material took six hours and involved the usage of 1800-
2400 kg of fuel. The process was conducted as air gasifi-
cation with the gas leaving the gasifier in ranges 900-1100 
K. The equivalence rate ER in the experimental runs was 
ER=0.38-0.4 in case of woodchip, ER-0.34 for torrefied pel-
lets and 0,36 for wood pellets. Ash analysis shows that the 
carbon conversion rate was greater than 99% and the dry 
syngas/dry fuel ratio was 2.45 mN

3/kg. Figure 3 presents 
the temperatures measured in various spots inside the 
gasifier - at the bottom T1, at the lower part of the gasifica-
tion chamber T2, at the center of the gasification zone T3, 
as well as the temperature of gas leaving the gasifier. It can 
be observed that for dry fuel the air gasification becomes 
a high temperature process leading to moderate tar loads 
in producer gases.

It can be seen from the temperatures distribution that 
the process is remarkably stable in all three cases. For dry 
fuels, the syngas and gasification zone temperatures are 
very close indicating that the drying zone is very narrow.

Unit Wood 
pellets

Torrefied 
pellets

Wood 
Chips

Water content      [%] 10 4.5 20-25

Volatiles                [%] 79.1 70.6 81.36

Fixed-Carbon        [%] 19.2 39.5 18.3

Ash                                            [%] 0.5  0.9 0.7

Ultimate analysis (dry basis)

C                           [%] 50.6 56.0 48.8

H                             [%] 5.9 5.0 5.7

O                              [%] 43.3 38.6 45.5

N [%] 0.2 0.4 0.1

LHV [MJ/kg] 17.7 20 14.4-15.5

TABLE 1: Properties of gasified biomass feeds.



M. Dudyński / DETRITUS / Volume 16 - 2021 / pages 63-7468

The summary of the gasification process can be found 
in Table 2. 

The syngas leaving entering and leaving the purification 
system was analysed with a gas chromatograph (Varian 
CP-4900) calibrated to determine the levels of following 
compounds H2, CO, CO2, CH4, C2H2, C2H6, C3H8, N2 and O2. 

The levels of CO, CO2, CH4 and O2 were also independently 
measured by and online gas analyser Ultramat 23 while Co-
lomet 6 was used for secondary hydrogen measurements. 
The gravimetrical determination of liquid hydrocarbons 
was conducted with samples taken every two hours. The 
averaged results were presented in Table 3. 

Tar samples from all three coolers were collected into 
a single barrel per fuel type - thus producing three barrels 
in total which were then analysed in a laboratory. The bulk 
results are presented in Table 4.

4.2 The heavy tar analysis
 The collected water was black in colour and at the 

bottom contained solid (gummy like) substance being a 
composition of heavy tar. These substances constituted 
less than 1% of mass of collected liquids. The elementary 
analysis of these materials is presented in Table 5, these 
samples were collected separately for each of three woody 
biomass materials. As the test requires more time to col-
lect the liquid condensates in amounts allowing for solid 
tars to be easily separated the process was conducted as 
air gasification with the gas leaving the gasifier in ranges 
of 900-1000K.

We dissolved the tar in tree solvents (ethanol, tetrahy-
drofuran (THF), and 1-methyl-2-pyrrolidone (NMP)) and the 
chromatographic results averaged (as different solvents 
present different molecular composition of the same tar). 

FIGURE 3: Operating scheme of the biomass gasifying unit.

Fuel
Syngas 

temperature 
[K]

Fuel stream 
[kg/h]

Air stream 
[m3] ma/mfuel (dry)

Dry gas stream 
[mN

3/kg of dry 
fuel]

LHV [
MJ/mN

3]

Process 
efficiency% 
[Egas/Efuel]

Wood chips 1020 400 500 2.05 3.06 5.0-5.1 65.4

Torrefied pellets 1120 300 500 2.15 3.06 5.5 68.6

Wood pellets 1080 310 500 2.12 3.0 5.2 65.8

TABLE 2: Process parameters of air gasification during tar collection.

Syngas components % of vol (Dry gas)

Fuel H2 N2 CO CO2 CH4 C2H4
Others hy-
drocarbons

Calorific 
value of 

cold syngas 
[MJ/mN

3]

Tars [mg/
mN

3]

Wood chips 6.2 60.9 16.7 12 2.8 1 0.4 5.06 6500

Torrefied pellets 7.4 59.3 18 8.8 4.4 1.1 0.3 5.5 3200

Wood pellets 6.8 59.1 17.3 11.8 3.7 0.9 0.4 5.2 5100

TABLE 3: Average parameters of syngas during tar collection.
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The results of analysis are presented in Table 6.
 The tar from wood chips contains mainly alkylphenols, 

organic acid and small amounts of polyfunctional aromatic 
oxygenates. Wood pellets tar contained linear and cyclic 
aliphatic oxygenates, polyfunctional aromatic oxygenates 
and alkylphenols. Torrefied pallets tar contained acids, 
aliphatic alcohols, alkylphenols, aliphatic oxygenates and 
alcohols. The tars were strongly different with shorter mol-
ecules length often observed in more pre-treated materi-
al. The biomass tar contained a range of molecular sized 
chains including large polymeric molecules which are larg-
er and spatially more complicated than these observed in 
coals or charcoal feedstocks (Vrenghenhil et al., 2009). The 
process of torrefaction changes lengths and structures of 

hydrocarbons in collected tars as can be clearly seen from 
simulated distillation analysis presented below.

4.3 Simulated distillation
The simulated distillation was conducted for all sam-

ples to determine the boiling point distribution of extracts 
from three feedstocks. The results clearly indicate that 
intensive drying and torrefaction lower the complicated 
structure of wood thus the tar derived from more pre-treat-
ed material have simpler structures (lower boiling point). 
We present on Figure 4. the result of distillation of tars.

We can see clearly from Figure 4 that the process of 
wood torrefaction lower significantly the maximal boiling 
point of heaviest tars derived from the material confirming 
our observation that the structure and lengths of hydrocar-
bons obtained in the gasification process simplify in com-
parison with tar extracted from fresh wood or wood pellets. 
I future work more careful analysis with more carbonized 
material like charcoal and annealed charcoal should be 
conducted for more conclusive results.

4.4 The analysis of water condensates
The water condensates derived from each of three 

feedstocks were analysed with help of gas chromatogra-
phy and are presented in Table 7.

The main organic species determined by GC-MS in 
water condensates were acids, aliphatic alcohols, alkyl-
phenols, and linear and cyclic oxygenates but in slightly 
different proportions then in appropriate tars from these 
materials. As the hydrocarbons in tars were oxygenated 
and highly reactive further work should consider character-
isation on site during test or rapid quenching to stop fast 
degradation or polymerisation with other molecules which 
change the results of measurements.

These results are not conclusive. The variations of 
the hydrocarbon composition in differently prepared feed-
stocks can be partially attributed for the effects of the in-
tensive drying as in case of wood pellets or torrefaction at 

Unit Wood 
chips

Torrefied 
pellets

Wood 
pellets

Liquid collected [kg] 115 41 60

Hydrocarbons 
collected [kg] 10.8 2.5 8.5

Hydrocarbons 
to fuel [kg/kg] 0.0045 0.0016 0.0047

Wood 
pellets

Torrefied 
pellets

Wood 
Chips

Dry mass

C [%] 62.2 38.6 55.1

H [%] 7.4 8.1 7.2

N [%] 4.5 0.8 1.7

S [%] 0.0 0.0 0.0

O (by difference) [%] 26.1 52.6 36.1

Calorific values [MJ/Kg] 26.4 17.7 22.2

H/C (atomic) 1.4 2.5 1.6

H/O (atomic) 4.5 2.5 3.2

TABLE 4: Summary of tar collection in cooler system.

TABLE 5: Elementary analysis of the biomass raw tars.

Wood pellets Torrefied pellets Wood Chips

Molecular component

Aliphatic [%] 0.1 0.8 0.4

Acids [%] 11.1 50.15 22.1

Aliphatic esters [%] 0.2 0.05 0.1

Aliphatic aldehydes and ketones [%] 1.6 0.8 5.7

Aliphatic alcohol [%] 1.8 7.7 0.7

Alkylbenzenes [%] 0.8 0.4 5.2

Alkylphenols [%] 21.9 11.8 34.1

Furan [%] 0.1 1.2 7.9

Furan (polyfunctional oxygen) [%] 5.2 0.0 1.1

Linear and cyclic aliphatic oxygenates (polyfunctional oxygen) [%] 27.0 10.7 6.2

 Aromatic oxygenates [%] 25.0 12.2 15.2

Nitrogen and sulfur heteroatoms [%] 4.2 4.0 1.2

Total [%] 100 100 100

TABLE 6: GC-MS composition of the tars from three feedstocks.
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elevated temperatures which simplified the original wood 
chemical structure and lowered the maximal lengths of 
molecular chains of derived tars. On the other hand, gas-
ification and pyrolysis as processes in an industrial scale 
gasifier depend on the humidity, compactification, and oxy-
gen content of the material as these determine speed, lay-
er profiles in the bed and temperatures of the gasification 
process resulting in different distribution of hydrocarbons 
lengths in tars collected in the process and the tempera-
tures and speed can seriously change the molecular dis-
tribution of derived hydrocarbons. These relations shall be 

investigated more closely in future but clearly suggest the 
advantage of using torrefied material as preferred feed for 
gasification to reduce tar content in gas. Such approach 
was used in entrained flow gasification process for liquid 
fuel production developed in (Eberhard et al., 2020).

4.5 The gasification runs with different gasification 
gases

The system can operate on wood chips or pellets, with 
both air-steam mixtures and oxygen enriched gasification 
gases. We tested the process with dry wood chips at 20-

Wood pellets Torrefied pellets Wood Chips

Molecular component 

Aliphatic [%] 0.1 0.3 0.9

Acids [%] 66.9 59.3 63.9

Aliphatic esters [%] 0.7 2.0 1.6

Aliphatic aldehydes and ketones [%] 4.9 3.7 5.2

Aliphatic alcohol [%] 9.3 7.3 3.9

Alkylbenzenes [%] 0.1 0.3 1.2

Alkylphenols [%] 6.7 13.5 10.6

Furan (polyfunctional oxygen) [%] 3.4 1.8 1.8

Linear and cyclic aliphatic oxygenates (polyfunctional oxygen) [%] 7.4 11.4 10.45

Aromatic oxygenates (polyfunctional oxygen) [%] 0.1 0.1 0.05

Nitrogen and sulfur heteroatoms [%] 0.4 0.2 0.2

Total [%] 100 100 100

Total organic content in water [%] 14.1 6.1 9.4

TABLE 7: GC-SM composition of water condenses.

FIGURE 4: Simulated distillation of tar derived from wood pellets and torrefied pellets.
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25% humidity and average diameter of 5-20 mm. We have 
compared the producer gas quality during simple air gasi-
fication (Run 1) with mixture of air and steam (Run 2) and 
finally with steam-oxygen-air composition (Run 3); these 
are presented below in Table 9. These runs were conduct-
ed under high bed condition with temperatures of the gas 
leaving gasifier kept at 800-850K. Temperature distribution 
in the gasifier is presented on Figure 5 for air and air-steam 
gasification and on Figure 6 for oxygen-steam-air gasifica-
tion runs.

We observe that in contrast to air and stem-air gasifica-
tion the introduction of oxygen into the gasification process 
changes the dynamics of the process leading to elevation 
of temperatures in gasification and pyrolysis zones and as 
a result the process requires more effort to stabilize. 

 The gas parameters measured during these runs are 
presented in Table 8.

The amount of wood used in each test was dependent 
on the effectiveness of the gasification process as the level 
of material in the gasifying chamber was kept constant. In 
all tests the amount of oxygen in gasification gases was 
also kept constant and approximately equal to 150 kg/h 
not counting water in the biomass feeds in different com-

binations of air, steam and oxygen enriched air making the 
results directly comparable. We observed the difference in 
thermal output of each run showing the dynamics of the 
process measured in the effective amount of wood gas-
ified during each test was different due to the different 
temperatures inside the bed and different reactiveness of 
the gasification gases. In this experiment ER=0.4 for air 
gasification, ER=0.42 for air-steam and ER=0.36 for oxy-
gen-steam-air mixture. The contamination of the producer 
gas leaving the gasifier after the cyclone were analysed 
and are presented in Table 9 below for each run.

The following table presents the energy balance of the 
gasification process calculated by estimating the energy 
added to the system with fuel and hot gasification gasses 
and removed due to production, transport, and cooling of 
syngas.

It can be observed that the LHV of the clean producer 
gas for each run is in good agreement with experimental 
values from gas composition measurements as can be 
seen in Table 9. 

The tar contents of the gas leaving the gasifier and 
the composition of tars in water collected in various stag-
es of the purification process during each run has been 

FIGURE 5: Distribution of temperatures in gasifier during air and air-steam gasification.

FIGURE 6: Distribution of temperatures in gasifier during oxygen-steam-air gasification.
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Run 1 Run 2 Run 3

Parameter

Thermal output [MW] 1.35 1.0 1.8

Fuel [kgh-1] 410 310 480 

Air flow [m3h-1] 600 500 400

Oxygen content [%] 21 21 25.8

Steam flow [kgh-1] 0 20 25

Syngas Parameters After Purification

CO [%] 30,10 26.47 34.01

H2 [%] 9.0 8.35 22.40

CH4 [%] 2.67 1.80 4.14 

CO2 [%] 8.42 7.60 16.40  

Syngas LHV [MJm-3] 5.0-5.5 4.0- 4.6 7.2-7.8  

TABLE 8: The parameters of the process and properties of the pro-
ducer gas after purification.

measured. Table 11 presents the composition of the cy-
clic hydrocarbons in water condensates obtained in var-
ious stages of the purification unit for oxygen-steam-air 
gasification as a general characterization of cooler water 
condensates has been done in the first test. The levels of 
cyclic hydrocarbons dissolved in water has been chosen 
as good indicators of changes of tars characteristics in 
the gasification process due to different gasifying gasses 
combination.

From the analysis of the effluents from each cooler it 
has been found that the selectivity of the system is low. 
Mostly water was collected in each cooler with only slightly 
different combinations of hydrocarbons. To prevent clog-
ging the implemented pipe system is wide enough (40-60 
mm) to allow gas in the central part of the cooler to remain 
hot, while water could condensate on the pipe surfaces. It 
has been decided to treat all the effluents from the three 
coolers and water scrubber as if from a single unit. The 
problem of improving selectivity of the coolers system will 
be addressed in a future work. The system was intendent 
for lowering the syngas temperatures and only a fraction of 
liquids contained in the gases condensate in the coolers. It 
shall operate in much lower temperatures to act effectively 
as liquids reductors in syngas which requires specific tech-
nical solutions. Afterwards the contamination levels of the 
producer gas leaving the oil scrubber have been measured 
and as it contains less than 100 mg/Nm3 of heavier tar 
and less the of 600 mg/Nm3 of light hydrocarbons mainly 
benzene, toluene and xylene it was suitable for use in gas 
engine unit.

The results clearly indicate that the application of the 
various combinations of oxygen, steam and air composi-
tion significantly influences the properties of the producer 
gas leading to significant growth of calorific value but not 
necessarily lowering the amount of tar and light hydrocar-
bons in the raw gases as is clearly seen at Table 6. We ob-
serve that the high selectivity of the tar removing system 
is more consistent with the application of gas engines as 
only the heavy hydrocarbons need to be removed but light 
hydrocarbons like benzene, xylene, toluene can be safely 
burned in the gas engine. In such cases use of dry torre-
fied or carbonised material as a feedstock can be a much 
simpler route for reducing the levels of contamination of 
producer gas. For a producer gas to be a source of fuel 

TABLE 9: The producer gas contaminations.

Run 1 Run 2 Run 3

Substance

Dust 673.6 847.3 817.3

Benzene 6050 12700 12810

Toluene 2120 4890 2980

Xylene 210 450 440

Sum of BTX 8380 18000 16230

Heavy organic compounds 1700 2120 1860

Naphthalene 1.83 0.20 0.21

Acenaphthylene 0.20 0.86 0.77

Acenaphthene 0.05 0.18 0.17

Fluorene 0.42 1.26 1.15

Phenanthrene 2.63 7.24 6.43

Anthracene 0.69 1.93 1.76

Fluoranthene 1.22 4.09 4.86

Pyrene 1.19 4.27 5.35

Benzo [a] anthracene 0.33 0.92 1.24

Chrysene 0.28 0.83 1.10

Benzo [b] fluoranthene <0.01 0.80 1.66

Benzo [j] fluoranthene 0.31 0.80 1.61

Benzo [k] fluoranthene 0.11 0.31 0.48

Benzo [a] pyrene 0.26 0.75 1.21

Indeno [1.2.3-cd] pyrene 0.13 0.32 0.51

Benzo [ghi] perylene 0.18 0.50 0.77

Sum of polycyclic aromatic 
hydrocarbon compounds 9.82 25.25 29.27

* including polycyclic aromatic hydrocarbon compounds

Unit Run 1 Run 2 Run 3

Enthalpy in fuel  [MJ/h] 5945 4495 6960

Net enthalpy loss in the system (including syngas cooling) [MJ/h] -1299 -1035 -1261

Ethalpy loss in removed tar [MJ/h] -340 -684 -615

Enthalpy in cold syngas [MJ/mN
3] 5.10 4.08 7.28

Process efficiency % 73 64.5 73

TABLE 10: Energy balance of the process.
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for SOFC or hydrogen conversion the further work on the 
oxygen-air-steam gasification process and more promising 
catalytic tar reducing technology shall be tested and com-
pared with the unit analysed here (Xue-Yu Ren et al., 2020). 

5. CONCLUSIONS
We have conducted a series of tests for the steam-ox-

ygen-air gasification installation and procedures with 
three different materials and three different gasification 
schemes with particular attention on the amount and char-
acterisation of the tars and hydrocarbons produced in the 
process and present in the producer gas. We analysed the 
influence of pretreatment of biomass on the syngas quality 
indicating the influence of torrefaction on lowering the tar 
content of the gas. The oxygen enriched air combined with 
steam can leads to gas with LHV higher than 8 MJ/mN

3 suf-
ficient for use in gas engine or fuel cell for efficient electric 
energy generation. Our goal was to analyse the technical 
and thus economic aspects connected with the gas clean-
ing process required when the gas is to be applied for a 
more efficient and sophisticated way of application than 
burning and use of steam turbine cycle. There are many 
steam-oxygen gasification schemes recently tested (Broer 
et al., 2015; Kurkela et al., 2016; Dudyński, 2019) on labo-
ratory or small-scale units with comparable results indicat-
ing the potential of this method to improve the technology 
of biomass gasification (Baláš et al., 2016). Application of 

the oxygen-steam-air combination improves significant-
ly the LHV of the producer gas to the levels comparable 
with downdraft gasifiers (Kirsanovs et al., 2017) showing 
that such technology can be technically viable for effective 
heat and electricity generation. The main problem for this 
method of syngas improvement to be commercially appli-
cable in small scale installations is the issue of reducing 
the cost of oxygen generation and disposal of wastewater 
and oil. Many improvements are under way: excess heat 
can be used for chip drying, waste oil, water and tars are 
to be used internally in the process for steam generation 
while the use of torrefied material or charcoal as a fuel is 
an interesting possibility for future long-time tests.
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ABSTRACT
Due to its large mineral fraction, incineration bottom ash (IBA) from municipal solid 
waste incineration is an interesting raw material that can be used for road con-
struction or to produce secondary building materials. However, leaching chloride, 
sulfate, and potentially harmful heavy metals may cause problems in using IBA 
in civil engineering. Investigating leaching behavior is crucial for the assessment 
of the environmental compatibility of IBA applications. Various test procedures 
are available for that purpose. In the present study, a long-term leaching test of a 
wet-mechanically treated IBA was performed in a lysimeter for almost six years. 
While concentrations of chloride, sulfate and the majority of the heavy metals start-
ed to decrease rapidly with progressive liquid-to-solid ratio (L/S), antimony (Sb) 
and vanadium (V) behaved differently. At the beginning of the lysimeter test, the 
Sb and V concentrations were low, but after approximately one year of operation at 
an L/S ratio of around 0.8 L/kg, a steady increase was observed. It was shown that 
this increase is the result of low Ca concentrations due to the formation of CaCO3. 
With the data, the solubility products from Ca-antimonate and Ca-vanadate were 
calculated. The unusual leaching behavior of Sb and V should be kept in mind when 
considering field scenarios and evaluating the impact on the environment. 

1. INTRODUCTION
Around 26 million metric tons of combustible waste 

were incinerated per year in Germany in 100 thermal waste 
treatment plants (66 of which are municipal solid waste 
incineration plants) (BDE et al., 2018). According to infor-
mation from the German Association of Thermal Waste 
Treatment (Interessengemeinschaft Thermische Abfall-
behandlung, ITAD) (ITAD, 2019), around 5.7 million tons of 
incineration bottom ash (IBA) from municipal solid waste 
incinerators were generated in Germany in 2017. In the 
course of processing bottom ash, 382,000 tons of iron (Fe) 
and 95,000 tons of non-ferrous metals (NFe) were separat-
ed annually in accordance with state of the art techniques 
(Verein Deutscher Ingenieure, 2014). Due to the mostly 
applied wet extraction out of the furnace chamber, these 
metals are often integrated in a heterogeneous and unsta-
ble matrix (Šyc et al., 2020). In general, the recovery of ele-
mental metals is still a challenge in terms of recovery rate 
and purity. 

The vast majority of IBA is made up of the mineral 
fraction (90%), in which the metals with a high affinity for 

oxygen (calcium, aluminum, magnesium, etc.) are bound 
in oxidic form in the bottom ash and cannot be recovered 
economically in elemental form. In terms of their composi-
tion, however, these oxides are similar to raw materials that 
can be used to produce secondary building materials (Bay-
useno & Schmahl, 2010; Bunge, 2018). Large quantities of 
the mineral fraction are reused for sub-base material in 
road construction (Di Gianfilippo et al., 2018; Hyks & Šyc, 
2019). A three-month ageing period has been established 
as the common practice for further treatment of bottom 
ash before reuse applications. In the course of this ageing, 
the pH value of bottom ash decreases, and contaminants 
are immobilized by processes like carbonation, hydration, 
and oxidation. In particular, the leaching of heavy metals is 
reduced to environmentally acceptable levels as required 
for disposal of IBA on landfills (Simon et al., 1995). Howev-
er, leaching chloride, sulfate, and potentially harmful heavy 
metals may cause problems in using IBA in civil engineer-
ing. The legal requirements for using IBA in Europe are 
described in detail elsewhere (Blasenbauer et al., 2020). 
Some countries have set limit values for the total content 
measured after acidic digestion and/or limit values for elu-
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ate concentrations. To assess leaching behavior, a number 
of test methods are statutory, so that for a comparison, the 
limit values for concentrations in mg/L have to be convert-
ed to leached content E in mg/kg by multiplying by the re-
spective liquid-to-solid ratio (L/S in L/kg), commonly 2 L/
kg or 10 L/kg.

Leaching tests can be performed as batch tests (e.g. 
according DIN EN 12457-2 (EN 12457-2, 2002-09) with an 
L/S of 10 L/kg) or as column tests (e.g. according to DIN 
19528 (DIN 19528, 2009-01) up to an L/S ratio of 4 L/kg 
for basic characterization or an L/S ratio of 2 L/kg for the 
column test in the compliance test option in Germany). In 
batch tests, the concentrations in the eluate are analyzed 
after a fixed agitation period (usually 24 h), whereas in col-
umn tests the eluate is generated continuously over the 
complete test duration. Concentrations can be determined 
for individual L/S ratios. DIN 19528 prescribes the L/S ra-
tios 0.3, 1.0, 2.0, and 4.0 L/kg. Rather than in batch tests, 
the dynamic behavior of leaching can be assessed by col-
umn tests (Grathwohl & Susset, 2009). However, column 
tests are more time-consuming. Information on long-term 
leaching behavior can be gained from lysimeter exper-
iments, which take even more time (Krüger et al., 2012). 
However, lysimeter tests are better for simulating field sce-
narios and long-term leaching behavior than laboratory col-
umn tests, particularly due to the unsaturated conditions 
and realistic contact time with the leachant (Krüger et al., 
2012; López Meza et al., 2010). 

Previously, it has been shown that the elements anti-
mony (Sb) and vanadium (V) exhibit unusual leaching be-
havior in leaching tests (Cornelis et al., 2006, 2012). Total 
contents of IBA are reported with an average of 73 mg/
kg (range from 18-250 mg/kg) for Sb and 41 mg/kg (19-
248 mg/kg) for V, respectively (Hjelmar et al., 2013). The 
source for Sb is very likely plastic in municipal solid waste, 
in which it is used as a flame-retardant agent or catalyst 
(Okkenhaug et al., 2015). In addition, Sb is a critical ele-
ment, because released toxic Sb(V) from secondary con-
struction materials can sorb onto inorganic oxides and 
organic matter in soils (Diquattro et al., 2021) which may 
affect environmental health by ecotoxic effects and bioac-
cessibility (Bagherifam et al., 2021). Therefore, to analyze 
the long-term leaching behavior of Sb and V we performed 
a lysimeter experiment with treated IBA which was per-
formed for almost 6 years up to an L/S ratio of 4.1 L/kg.

2. MATERIALS AND METHODS
The IBA material for the experiments was sampled on 

November 5, 2013 at a municipal solid waste incineration 
(MSWI) bottom ash treatment plant in Germany. Fe and NFe 
metals had already been removed by standard methods 
(magnetic and eddy current separation). A wet-mechanical 
process step was implemented in the plant to remove the 
finest fraction below 0.25 mm, amounting to approximately 
10% (Holm & Simon, 2017). This finest fraction contained 
around 60% of the initial sulfate (Kalbe & Simon, 2020) and 
is usually landfilled. Two mineral fractions (0.25-4 mm and 
4-60 mm) were generated by different sieving steps. The 
mineral fractions from 0.25-4 mm and from 4-60 mm were 

sampled, air-dried, and homogenized separately. Material 
larger than 45 mm was removed from the 4-60 mm frac-
tion by sieving. Representative subsamples of both frac-
tions were generated by partitioning the sample and then a 
mixed sample at a ratio of 40:60 (0.25-4 mm:4-45 mm) was 
assembled to the final 0.25/45 mm test material employed 
for the leaching experiments reported here. This condition 
was expected as the status on an intermittent storage site 
before reuse of such material.

Two laboratory scale lysimeters (30 cm in diameter) 
were operated with approximately 60 kg IBA each from 
March 2014 until February 2020 to investigate the long-
term leaching behavior of a 0.25/45-mm mineral material 
obtained by using a wet processing technology to treating 
IBA directly after incineration. The resulting bulk density 
of the sample in the lysimeters was 1.46 g/cm³; the corre-
sponding porosity was 45%; and one pore volume amount-
ed to 18.4 L. Artificial rainwater was used as leachant (pH 
≈ 6, constituents NO3

2-, Cl-, SO4
2-, Na+, K+, Ca2+, Mg2+) (Sanusi 

et al., 1996). The lysimeters were irrigated in proportion to 
an average annual precipitation rate of 600 mm/a, leading 
to a liquid to solid ratio (L/S) of about 0.7 L/kg per year of 
operation. The L/S ratios of the two lysimeter experiments 
finally reached after almost six years were 4.17 (lysimeter 
1) and 4.09 (lysimeter 2) L/kg, respectively. The lysimeters 
were then dismantled and the remaining material analyzed 
for their main constituents. 

Eluates were aliquoted after sampling. For chemical 
analysis, one aliquot was preserved using concentrated ni-
tric acid (DIN EN ISO 5667-3, 2013-03) to measure cations, 
and one aliquot remained untreated for anion analysis. The 
eluates were stored at 4° C until measurement. pH values 
were measured with a Schott CG 841 pH-meter equipped 
with a WTW SenTix 41 pH electrode (DIN ISO 10390, 2005-
12), the electric conductivity with a WTW LF 437 micropro-
cessor conductivity meter (DIN ISO 11265, 1997-06), and 
turbidity with a HACH 2100N turbidity meter (DIN EN ISO 
7027, 2016-11). 

Cations (Al, As, Ba, Ca, Cd, Co, Cr, Cu, Fe, Hg, K, Mg, Mn, 
Mo, Na, Ni, Pb, Sb, Sn, Sr, V, Zn, Se) were quantified using an 
iCAP 7000 ICP-OES equipped with an ASX-260 Autosam-
pler (Thermo Scientific, Dreieich, Germany) in accordance 
with (DIN EN ISO 11885, 2009-09). ICP-MS measurements 
were performed on 10-fold dilutions with an iCAP Q (Ther-
mo Scientific, Dreieich) in accordance with (DIN EN ISO 
17294-2, 2017-01) for elements below the detection limit 
of the ICP-OES. Results for the elements not reported in 
this work can be found elsewhere (Kalbe & Simon, 2020).

Anions (Cl-, SO4
2-) were determined with the Dionex 

IC320 ion chromatograph with the AS 40 Autosampler, 
ASRS 300 suppressor, AS-9-HC separation column with col-
umn oven, and a conductivity detector in accordance with 
DIN EN ISO 10304 (DIN EN ISO 10304-1, 2009-07). The sep-
aration was isocratic with a mixture of carbonate/bicarbo-
nate in aqueous solution (8 mmol/L / 1 mmol/L) as eluent. 

3. RESULTS
It is known that the leaching behavior of IBA strongly 

depends on the pH (Chandler et al., 1997). Leaching tests 
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with unaged IBA result in pH values above 12, due to the 
Ca(OH)2 content. At high pH values, various heavy metals 
exist in a soluble form, e.g. Pb(OH)4

2-, so that leaching limits 
even for landfilling may be exceeded (Simon et al., 1995). 
During the required ageing period of three months, Ca(OH)2 
reacts with CO2 from the air and rain to form CaCO3, leading 
to lower pH values and usually lower heavy metal release 
(Schnabel et al., 2021), e.g. Pb forms sparingly soluble 
PbCO3 or Pb(OH)2. This is in agreement with our study. The 
observed pH values did not change significantly during the 
lysimeter tests and were 9.9±0.5. Furthermore, for the ap-
plied wet processed IBA material tested in this study, the 
chloride and sulfate leaching in the lysimeters was reduced 
(see Fig. 1a). The sulfate release kept almost constant up 
to an L/S of about 0.7 L/kg, limited by CaSO4 solubility, then 
dropped to around 500 mg/L (L/S 1.25 to 3.25 L/kg), and 
finally decreased to approximately 250 mg/L. The chloride 
concentration dropped quickly, starting at 7300 mg/L, and 
later (from L/S = 1.5 L/kg) remained at an almost constant 
level of 50 mg/L, which was significantly higher than the 
chloride concentration in the artificial rainwater used as 
leachant. Overall, 2x140 single concentrations ci measured 
(with i the individual volume of the collected eluates) for 
chloride are displayed in Figure 1a. Multiplication by the 
respective L/S ratio gives the leached content Ei in mg/kg, 
from which the cumulative release U (with U = Σ Ei, also in 
mg/kg) can be calculated. The cumulative release of chlo-
ride is displayed in Figure 1b. 

A similar behavior is observed for calcium (Ca, see Fig-
ure 1c) and most of the heavy metals. In contrast, the be-
havior of Sb and V differ from the usual decrease of concen-
trations ci as a function of L/S ratio. At the beginning of the 
lysimeter tests, the Sb concentrations were low, but at an 
L/S of around 0.8 L/kg, a steady increase was observed up 
to concentrations above 25 µg/L (see Figure 1d). Similarly, 
V started with values of ci below 10 µg/L and reached val-
ues above 90 µg/l at higher L/S ratios (data not illustrated).

This phenomenon has already been observed by oth-
er researchers (Cornelis et al., 2006, 2012; Johnson et al., 
1999). Antimony forms sparingly soluble calcium antimon-
ate see equation (1).

Ca2+ + 2 Sb(OH)6
- ⇌ Ca(Sb(OH)6)2                (1)

The solubility product KL of Sb-antimonate is a constant 
defined as 

                  (2)

with m as an exponent for the Ca / Sb ratio.
The solubility product KL is a constant that describes 

the solubility behavior of a sparingly soluble compound: if 
the concentration of one component drops, the concentra-
tion of the other component increases accordingly. This 
means that decreasing Ca concentrations as a result of 
the ageing process (formation of limestone, CaCO3) lead to 
increasing Sb concentrations. The fact that there is a con-
nection between the concentrations of Ca and Sb becomes 
apparent when the concentrations are plotted against each 
other (Figure 2 left). The same applies for vanadium (see 
Figure 2 right). 

FIGURE 1: Results from the long-term lysimeter experiment as a 
function of L/S. a: Concentrations ci of chloride. b: Cumulative re-
lease U of chloride, c: Concentrations ci of calcium, d: Concentra-
tions ci of antimony.

(a)

(b)

(c)

(d)
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Ca2+ + V2O6
2- ⇌ CaV2O6             (3)

                 (4)

The experimental data (circles in Figure 2) were fitted 
with the solver module in MS Excel (EA, evolutionary algo-
rithm). The best match was achieved in the case of Sb with 
KL = 8.9x10-19 mol3.7 L-3.7 and m = 1.7. This leads to Ca(S-
b(OH)6)2 x Ca0.7(OH)1.4 as a chemical formula for Ca antimon-
ate in IBA. Fitting the results for V gave KL = 1.9x10-9 mol2 L-2.

The standard leaching tests mobilize usually only small 
amounts of the complete reservoir of certain substances 
in IBA. Exceptions are substances with high solubility, such 
as alkaline metal compounds and chloride. Even the sol-
ubility of CaSO4 at 2 g/L is high enough that a substantial 
amount is leached. During the whole duration of the exper-
iment, 1600 mg/kg of chloride and 3000 mg/kg of sulfate 
were cumulatively released from the IBA in the lysimeters. 
However, it has to be considered that sulfate and chloride 
were constituents of the artificial rain (Sanusi et al., 1996) 
that was used as leachant. Nevertheless, after dismantling 
the lysimeters, the total content of sulfate and chloride 
found in the remaining material dropped from 13,400 to 
10,400 and from 2,840 to 390 mg/kg, respectively.

4. DISCUSSION
As stated above, IBA is an inhomogeneous mixture of 

mineral phases and metals not suitable for recycling with-
out processing. The concentrations especially of trace 
metals can vary by one order of magnitude. However, the 
described leaching mechanisms, e.g. pH dependence of Pb 
leaching or Sb mobilization as function of Ca concentration, 
are largely independent of waste composition, type of fur-
nace or location of the incinerator (Hjelmar et al., 2013). The 
findings here are therefore relevant not only for the IBA from 
the sampled plant in Germany but also in general for IBA. 

The separation of elemental metals is simple and can 
be carried out using magnets (Fe metals) and eddy current 
separators (NFe metals). In Germany, an average of 6.6% 
Fe and 2.0% non-ferrous metals are extracted from IBA 
(Gleis & Simon, 2016). The potential would be even greater 
(Kuchta & Enzner, 2015) if the separation of NFe metals 

was extended to small grain sizes. Recovering the miner-
al fraction, which accounts for about 90%, is much more 
difficult. Applications exist primarily as an unbound base 
layer in road construction, see for example (Hyks & Hjel-
mar, 2018).

Numerous contaminants could be minimized with im-
proved processing technologies. Wet treatment means 
that easily soluble substances such as chlorides are trans-
ferred to the washing water. The simultaneous separation 
of a fine fraction <0.25 mm reduces the sulfate content, 
mainly calcium sulfate, by more than 60% (Holm & Simon, 
2017; Kalbe & Simon, 2020). Broken glass can be separat-
ed using sensor-based methods (Šyc et al., 2018). Heavy 
metal compounds have a higher specific density than oth-
er minerals in the bottom ash, so that a reduction of the 
content of heavy metal compounds is possible by density 
sorting (Holm et al., 2018).

According to the final draft of the German Ordinance 
on Secondary Building Materials (Bundesrat, 2020), new 
regulations are planned for reusing IBA. Accordingly, two 
quality classes are going to be introduced for IBA (abbrevi-
ated HMVA-1 and HMVA-2). To use the mineral fractions of 
IBA e.g. in road construction, at least class HMVA-2 must 
be achieved with maximum concentrations in the eluate of 
L/S = 2 L/kg, as displayed in Table 1.

To compare the results of the experiment (Exp. Data, 
Table 1) with the limit values (HVMA-1 and HVMA-2, Ta-
ble 1), the data for cumulative release U must be divided 
by the respective L/S ratio. The calculated concentrations 
(see Table 1, right column) comply with the limit values for 
HMVA-2; however, the concentration of Mo is close to the 
limit. It is known that Mo is leached as oxyanion MoO4

2- al-
ready at low L/S ratios and preferably at pH values above 
8 (Dijkstra et al., 2006; van der Sloot et al., 2001). Mobiliza-
tion of Mo in standard leaching tests is between 1 and 5%, 
which is much higher than for other heavy metals (e.g. Cu < 
0.01%) (Kalbe & Simon, 2020). 

5. CONCLUSIONS
Unlike most leached substances, which decrease as a 

function of the L/S ratio, the leaching values for Sb and 

FIGURE 2: Concentration of Sb (left) and V (right) in the lysimeter experiment as a function of Ca concentration (circles). The crosses are 
the result of a fit with MS Excel.
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V increased over time in the long-term lysimeter experi-
ment. These different behaviors are shown exemplarily in 
Figure 3 for Ca, Cu, Sb, and V. The concentrations of Ca 
and Cu drop considerably during the lysimeter experiment, 
i.e., with the advancing ageing process with increasing 
L/S in the lysimeter experiment. At an early sampling time 
(t1) directly after combustion or after processing without 
ageing, heavy metal concentrations in the leachate may be 
still too high. However, Sb and V should initially not exceed 
any limit values for processed IBA. At a later point in time 
(t2), heavy metals like Cu are still present in the material 
but are immobilized. At this point, Sb and V may already 
be released and are approaching the limit values (see Ta-
ble 1). Our experiment shows that the release of Sb and 
V from the IBA is not minimized over the time of almost 
six years. Thus, the long-term use of IBA in e.g. secondary 
building materials can pose a potential risk for the envi-
ronment.

The release of Sb and V is dependent on the availabili-
ty of Ca, which is increasingly precipitated during the age-
ing process as sparingly soluble CaCO3. On one hand, this 

effect is desired, because pH values decrease to values 
below 11, leading to immobilization of most heavy metal 
compounds. On the other hand, decreasing Ca concentra-
tions lead to the dissolution of Ca-antimonates and Ca-va-
nadates. Here, the availability of Ca2+ is decisive. Mobilized 
Sb and V can possibly be sorbed on ferrous minerals or 
form sparingly soluble Fe-antimonates or Fe-vanadates 
(Van Caneghem et al., 2016). Economically viable techni-
cal measures for the targeted depletion of Sb and V have 
not been reported yet. The limit values for class HMVA-
1 are not reachable even for wet-treated IBA as used as 
test material in the investigation presented here. Chloride 
concentrations as low as 160 mg/L (see Table 1) might be 
achievable for separated fractions from IBA, e.g. after dry 
extraction of bottom ash in the waste incineration plant 
(Bürgin et al., 1995). Here, a more inert coarse fraction 
above 2 or 4 mm can be easily separated by sieving (Simon 
& Andersson, 1995; Šyc et al., 2020). However, wet treat-
ment alone already provides a significant improvement of 
quality regarding the environmental compatibility in the use 
scenario.
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ABSTRACT
Phosphate sludge (PS) is an industrial by-product produced in huge quantities by the 
phosphate beneficiation plants in Morocco. In order to valorize this by-product, it was 
examined for its potential use as a soil fertilizer. The physicochemical properties, 
elemental and mineral content, morphological structure, and component stability of 
raw PS were investigated. In addition, pathogenicity, phytotoxicity, and the capacity 
of PS to promote plant growth in deficient sandy soil have been studied. The ob-
tained results showed that PS was characterized by low values of moisture (2.10%), 
electrical conductivity (EC) (0.77 mS/cm), and organic matter (OM) (0.61%), with a 
slightly alkaline pH (8.20). Nevertheless, this material carried interesting content of 
fertilizing elements such as phosphorus (P2O5) of 20.01%, calcium (CaO) of 39.72%, 
and magnesium (MgO) of 2.33%. Thus, PS did not present any pathogenic or phyto-
toxic risk with a high increase in tomato plant growth than the control of only soil. In 
conclusion, the results of this study could provide the primary practical guidance for 
the PS application in deficient soils characterized by sandy texture.

1. INTRODUCTION
In Africa, the agricultural sector faces environmental 

challenges that limit its development. Approximately 20% 
of arable land is currently not cultivable, and a further sharp 
decline is expected by 2080 (Fao, 2009). In addition, repre-
sentative soils in Africa are sandy soils characterized by a 
deficient state of nutrients and low water-holding capacity 
resulting in low yields (Kihara et al., 2020). Fertilizing sandy 
soil is a promising solution that has been widely adopt-
ed to improve smallholder-farming systems, particularly 
in developing countries. However, due to the simultane-
ous increase in demand for phosphate fertilizers and the 
continuous depletion of phosphate reserves, the focus is 
today on the opportunities of  recovering  phosphate ores 
from secondary sources (i.e., low-grade ore and residues) 
(Karunanithi et al., 2015). 

Morocco, represented by Office Chérifien du Phos-
phate (OCP), is a worldwide leader in the phosphate-based 
products industry. Moroccan phosphate ore is processed 

through a combination of successive enrichment steps 
involving crushing, screening, washing and flotation (Kha-
sawneh and Doll, 1979; Boujlel et al., 2019). The washing 
and flotation steps generate large quantities of PS, reach-
ing 28 million metric tons in 2010 (Haouas et al., 2021a). 
PS represents major economic and environmental prob-
lems, which by its accumulating induced a loss of recycla-
ble materials, forms dikes, disfigures the landscape and 
reduces arable lands (Haouas et al., 2020). Until this time, 
few studies aimed to find appropriate ways for PS valoriza-
tion, including the production of light aggregates (Loutou 
et al., 2013), geopolymers (Moukannaa et al., 2018) and 
composting (Haouas et al., 2021b). 

PS as a phosphate rock by-product has the potential 
to be a sustainable, low cost and permanently available 
substrate for improving deficient soils, which will open up 
ways to its integration into the circular economy. Further-
more, the reuse of PS for land application can significantly 
reduce disposal costs and provide a source of mineral nu-
trients for many crops (Hakkou et al., 2018; Haouas et al., 
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2021a). A standardized characterization of PS is required, 
as is the tracing of the guidelines for its possible use as an 
amendment (FAO, 2009). Until now, there are no guidelines 
for the safe use of PS in agriculture. For this reason, the 
present study had as objectives, (i) the characterization of 
physicochemical, mineralogical and structural properties 
of the PS, (ii) the evaluation of its safety in terms of phy-
totoxic and pathogenic factors, and (iii) the assessment 
of the fertilizing capacity using agronomic essay in sandy 
soil. 

2. MATERIALS AND METHODS
2.1 Sampling

PS was collected from a deposit area around the phos-
phate laundry plant managed by OCP, SA in Khouribga City 
(center of Morocco) (32°44'16.2"N; 6°50'48.2"W), which 
was produced between 1990 and 2000 (Figure 1a). The total 
quantity of 10000 Kg of PS samples was taken from differ-
ent points, and homogeneous subsamples (Figure 1b) were 
prepared using the quartering method (Atif et al., 2020). 

As illustrated in Figure 2, the production chain of PS 
starts with the arrival of raw phosphate from the exploita-
tion unit to the ore enrichment plants. The phosphate-rich 
fraction was separated from the gangue minerals by a se-
ries of enrichment treatment steps, started by screening 
through 3.15 mm sieves. The fraction greater than 3.15 
mm is considered as sterile, while the particles less than 
3.15 mm are divided into three parts of >160 μm, 160 μm- 
40 μm, and <40 μm during the washing process. The part 
of <40 μm constitutes the first part of the PS. The part 
between 3.15 mm and 160 μm is recovered as a concen-
trated phosphate, and the last part between 160 μm and 
40 μm has been further treated by flotation. At this stage, 
the phosphate particles between 125 μm and 160 μm are 
separated from the other gangue minerals that make up 
the second part of the PS. The PS is then deposited on the 
surrounding lands of the enrichment factories (Haouas et 
al. 2021b).

2.2 Physicochemical and elemental analysis
The moisture content was determined immediately af-

ter sampling in an oven at 105°C for 48 hours. Measurement 
of pH and the EC was performed on PS fresh sample of 10 
g stirred in 100 ml of distilled water using pH meter (PHSJ-
3F) and conductivity meter (DDS-12DW) (AFNOR, 2000).

The ash content was calculated after calcination in a 
muffle furnace at 550°C for 6 hours using the following for-
mula (Amir et al., 2005):

(1)

Wd: dry weight and Wc: calcined weight.
Total organic carbon (TOC) was determined by Anne's 

method (Tallou et al., 2020). This method combined the ox-
idation of OM with potassium dichromate (K2Cr2O7) (0.4 N) 
in an acidic medium and the back-titration of excess potas-
sium dichromate by Mohr salt (Fe(NH4)2(SO4)2*6H2O) (0.2 
N). The OM content was determined by dividing the COT by 
1.72 (Amir et al., 2005). The total Kjeldahl nitrogen (TKN) 
was measured by mineralization in the presence of sulfuric 
acid (98%) and the Kjeldahl catalyst. The steam distillation 
transformed the ammonium ions (NH4

+) into ammonia 
(NH3) through the alkaline medium of NaOH (40%). The 
NH3 molecules are recovered in boric acid and then dosed 
by a volumetric acid/base assay (Chen et al., 2010).

Inductively coupled plasma - optical emission spec-
trometry (ICP-OES, THERMO ICAP 6500 DUO) was used to 
determine the total and water-soluble fraction of the ele-
ments. The anions were analyzed using ion chromatogra-
phy with a liquid chromatograph (Metrohm, Switzerland). 
Analysis of the major elements of a finely ground dry sam-
ple was performed using an EPSILON 4 energy dispersive 
X-ray fluorescence spectrometer (EDXRF).

The phosphorus (P) fractionation procedure was per-
formed based on sequential extraction, with a sample: 
solution ratio of 1:50. Indeed, for soluble P, the sample 
was treated with a solution of NH4Cl (1M), NH4F (5 M at 
pH 7) for the P bound to aluminum (Al), NaOH (0.1 M) for P 

FIGURE 1: a) PS sampling site, b) PS subsample.

(a) (b)
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bound to iron (Fe), and finally by H2SO4 (0.5 M) for P bound 
to calcium (Ca), in this order. After each extraction, the 
supernatant was filtered through 0.2 μm filter paper, and 
the concentration of P extracted was determined using the 
molybdenum blue method (Chang and Jackson, 1957). In 
contrast, organic P was measured according to the Bray 
and Kurtz method (1945).

2.3 PS characterization
2.3.1 Thermal stability

Thermal stability is an important criterion to consider 
when studying the stability of organic substrates targeted 
for agricultural use. Thermogravimetric and differential 
thermal (TGA/DTA) analyses were performed to inves-
tigate the OM stability of PS using a TA instrument (SDT 
Q600) equipped with platinum crucibles and a heating rate 
of 10°C/min from 25 to 1000°C in an oxidizing atmosphere.

2.3.2 Fourier Transform Infrared- FTIR
FTIR spectroscopy (PerkinElmer 1600) was used to 

determine the functional groups of raw PS and monitor 
their relative changes during the heating process. For this 
purpose, a mixture of 1 mg (dry weight) of each sample 
and 400 mg of potassium bromide (KBr) was prepared as 
pellets by vacuum compression. Spectra of raw and heated 
PS samples were obtained after analysis over a range of 
400-4000 cm-1 at 16 nm/sec. 

2.3.3 Mineralogy and structure 
Mineral phases of PS were characterized by X-ray dif-

fraction (XRD, Philips X'Pert MPD diffractometer) equipped 

with a copper anticathode (Ka ¼ 1.5418 A°) operating at 
40 kV and 40 mA. The analysis was carried out in the in-
terval of angles 2 theta (2θ) between 5° and 70°. The pro-
cessing of the diffractogram data obtained was carried out 
using the X’Pert High Score software. The phase indexing 
is based on comparing 2θ values with the ICSD database 
(Inorganic Crystal Structure Database). The surface mor-
phology of the PS was observed by scanning electron mi-
croscopy (SEM) using Vega 3 Tescan microscope with an 
acceleration voltage of 20 kV. 

2.4 Phytotoxicity evaluation
The germination test was conducted to monitor the 

phytotoxicity of PS. The PS extract at a concentration of 
10% (w/v) was used to moisten 20 seeds of each species 
of tomato (Solanum Lycopersicum) and maize (Zea mays). 
Moistened seeds with PS extract and distilled water (con-
trol) have been germinated in Petri dishes in the dark at 
room temperature (28°C) for 72 hours. The germination in-
dex (GI) was calculated using the following equation (Luo 
et al., 2018):

(2)

NGS: Number of Germinated Seeds.
RL: Root Length.

2.5 Enumeration of pathogens
PS sample of 10 g transported from the sampling site 

in sterile bags at +4°C was stirred in 90 ml of a buffer solu-
tion (0.06 M Na2HPO4/NaH2PO4) (1/9 v/v) at pH 7.6. A se-
ries of dilutions (10-1 to 10-10) of the sample was made and 

FIGURE 2: PS generation chain during phosphate treatment.
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aseptically inoculated into the following selective growth 
media as described by Atif et al. (2020):

• Tergitol lactose agar for counting fecal coliforms.
• Bile-aesculin agar for fecal streptococci.
• Soybean Casein Digest agar for Escherichia coli.
• Baird Parker agar for Staphylococcus aureus.
• Macconkey agar + Crystal violet was used to count the 

colorless colonies of Salmonella.

All microbial counts have been calculated on the basis 
of fresh weight. The concentration of cells in the sample 
was determined by counting on a known dilution in Petri 
dishes using the following equation:

CFU/g fresh weight = number of colonies × dilution × 100  (3)

CFU: Colony-forming unit.

2.6 Agronomic essay
The soil was taken from the Beni Mellal region of Mo-

rocco (32°23'58.8"N; 6°21'46.1"W). According to the FAO 
soil classification system, the soil has a sandy loam texture 
(FAO, 1999). The soil was slightly alkaline (pH 7.97 and EC 
=0.28 mS/cm) with a low P and OM content of 7.4 mg.kg-1 

and 0.2%, respectively. The experiment was conducted in 
pots containing 2 kg of soil that had been amended with 
PS concentrations of 0, 1, 5, 10, 20, 30, 40, 50, and 60%. 
One tomato seedling (Campbell 33 Techni) was placed 
in each pot; each treatment was replicated five times un-
der greenhouse conditions (16 hours of the daily lighting 
period at temperatures ranged between 20°C and 30°C). 
During the experiment, the pots were regularly watered to 
maintain the moisture at 60% of the field capacity. Plants 
grown in amended soils (treatments) and control without 

PS (0%) were harvested 80 days after sowing. After that, 
plant growth parameters were measured, including root 
lengths, shoot heights, fresh and dry weight of roots and 
shoots, and the number of lived leaves. 

2.7 Statistical analysis
Each analysis was replicated three times, and the re-

sults were reported as means with standard deviations. 
ANOVA one-way with post-hoc Tukey HSD test were used 
to compare the means of plant growth parameters. Signifi-
cant differences within (p <0.05) are represented by differ-
ent lowercase letters (a–e) above the bars.

3. RESULTS AND DISCUSSION
3.1 Physicochemical and elemental properties

The results obtained from the physicochemical charac-
terization of PS are shown in Table 1. The pH (8.20) was 
slightly alkaline, probably due to the high content of wa-
ter-soluble Ca (Romanos et al., 2019). The EC was low in 
the range of 0.77 mS/cm, mainly due to the low concentra-
tions of soluble salts such as K+, Na+, PO4

3-, and SO4
2- (Table 

1). This material was relatively dry with an average mois-
ture content of 2.1%, 97.2% as ash and 0.61% as OM. The 
elemental composition of the PS sample was dominated 
by Ca (CaO =39.72%), P (P2O5 =20.01%), and silicon (SiO2 
=12.21%), with slight concentrations of TOC (0.38%) and 
TKN (0.07%). In addition, the total content of heavy met-
als in PS such as copper (Cu), cadmium (Cd), chromium 
(Cr), zinc (Zn), and lead (Pb), is below the limits accepted in 
European countries for biosolids used in agricultural soils 
(Collivignarelli et al. 2019). Therefore, many PS elements 
were present in the water-soluble form at low or undetect-

pH EC (mS/cm)
Moisture TOC  TKN  OM  Ash

%

8.20 ±0.31 0.77 ±0.03 2.10 ±0.10 0.38 ±0.05 0.07 ±0.01 0.61 ±0.22 97.20 ±2.81

Mn B Ca K Mg Na Si Fe Zn

0.03 0.11 20.62 3.55 5.12 9.96 1.80 0.04 0.01

P fractions (mg/g)

Al-P Ca-P Fe-P Olsen P Organic P

0.75 ±0.03 82.60 ±2.10 1.50 ±0.3 0.07 ±0.001 0.98 ±0.21

wt%: weight percent; ppm: parts per million

Total major elements (wt%)

SiO2 TiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O P2O5

12.21 0.23 2.98 1.18 2.33 39.72 0.66 0.41 20.01

Total trace elements (ppm)

As Cd Co Mn Ni Pb Cr Zn Cu

10.34 1.01 1.50 29.59 7.06 0.21 15.95 30.78 4.54

Anions (mg/L)

F- Cl- NO2
- NO3

- SO4
2- PO4

3-

2.61 4.09 <0.10 1.72 8.34 <0.10

Water-soluble elements (mg/L)

TABLE 1: The physicochemical characteristics and elemental composition of PS.
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able concentrations (Table 1). Indeed, the most soluble 
elements of PS were Ca, sodium (Na), magnesium (Mg), 
chloride (Cl), and potassium (K), with concentrations of 
20.62, 9.96, 5.12, 4.09, and 3.55 mg/L, respectively. The 
low dissolution of PS minerals in water can be attributed 
to the high cation exchange capacity (CEC) of sedimenta-
ry phosphate-derived materials (Zhang and Sun, 2017). PS 
contained a high amount of inorganic P in the form of Al-P, 
Fe-P, and Ca-P, with values of 0.75, 1.5, and 82.60 mg/g, 
respectively, when compared to soluble P (Olsen P =0.07 
mg/g) and organic P (0.98 mg/g). 

3.2 Mineralogical and structural characteristics
The SEM image (Figure 3) shows good porosity of the 

PS structure, which is 7.01% in the average pore area and 
8.98 ±3.43 µm in the pore size. In addition, the SEM image 
reveals the presence of several mineral phases charac-
terized by XRD as carbonate fluorapatite (50%), dolomite 
(24%), calcite (11%), quartz (8.5%), and smectite (6.5%) 
(Figure 4). A large part of these minerals is small particles 
(less than 2m), giving the PS a clayey appearance. The 
identified minerals in PS are inert microcrystals poorly wa-

FIGURE 4: X-ray diffraction pattern of PS [F: Carbonate fluorapatite (PDF#01-073-9695); D: Dolomite (PDF # 01-073-2361); Q: Quartz (PDF 
# 01-074-3485); C: Calcite (PDF #0 1-085-1108) ; and S: Smectite (PDF # 29-1498)].

FIGURE 3: PS picture by SEM.
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ter-soluble and could be sources of macro- and micronutri-
ents (Dixon, 1992). 

3.3 Thermal stability 
The thermal stability of PS components is evaluated by 

DTA, TGA and FTIR analysis. The resultant thermal events 
of PS (Figure 5) were presented by the weight loss (WL) 
curve (TGA) and heat flow curve (DTA). FTIR spectra reveal 
the chemical composition of PS at the end of each thermal 
event, particularly at 412, 677, 832, 1000°C (Figure 6). Sig-
nificant changes appeared in the intensity from the original 
positions of raw PS absorbance bands (Table 2).

The DTA and TGA curves show an endothermic peak (T° 
=105°C, WL =3.95%) associated with the disappearance of 
absorbance at 3614 cm-1 and a relative decrease at 3248, 
3440, and 3475 cm-1 in FTIR spectrum of raw PS. This could 
be attributed to the bending vibration of -OH groups in the 
water molecules, which indicates the loss of water (Loutou 
et al., 2013). In the temperature range between 171.5 and 
413.6°C, the DTA and TGA curves represent a weak endo-
thermic peak (T° =346°C, WL =0.61%), which is associated 
with the OM degradation. Accordingly, the FTIR data of the 
PS sample at 412°C confirm the disappearance of the cor-
responding bands (2985 and 2862 cm-1) of the symmetri-
cal and asymmetrical vibration of the CH aliphatic groups 
(-CH2 and -CH3) (Amir et al., 2008). The large endothermic 
peak (T° =492°C, WL =3.16%) refers to the dehydroxylation 
of smectite (Hajjaji et al., 2001). This event is linked to a 
decrease in the intensity of the band located between 3100 
and 3700 cm-1, which corresponds to hydroxyl stretching 
and deformation of Al-Al-OH of smectite. From 712°C to 
1000°C, a strongly endothermic decomposition reaction of 

carbonate compounds occurred at 836°C recorded in the 
DTA curve and accompanied by a significant WL of 13.14% 
due to the release of CO2. This phenomenon was charac-
terized by a decrease in the intensity of structures absorb-
ing at 1416, 1043, and 877 cm-1 and the disappearance of 
absorbance bands at 2515 and 720 cm-1 in FTIR spectrum 
of PS treated at 832°C. These frequencies are assigned to 
the CO2

3- groups of dolomite, calcite, and carbonate fluora-
patite. After that, no significant changes occurred in the PS 
sample, and the same absorbance peaks were recorded in 
the FTIR spectrum at 1000°C. 

These results confirm the XRD characterization of the 
mineralogical composition of PS (dolomite, calcite, quartz, 
smectite, and carbonate fluorapatite) and reveal the ali-
phatic structure of OM contained in PS. The aliphatic struc-
ture of OM is considered a readily available energy source 
for soil microorganisms (Amir et al., 2004).

3.4 Pathogenicity and phytotoxicity
In order to reduce the potential health risks associat-

ed with pathogens, potentially pathogenic organisms have 
been counted in PS, and the results were presented in Ta-
ble 3. Fecal coliforms, Escherichia coli, fecal streptococci, 
Staphylococcus aureus, Salmonella have been classified 
as pathogenicity indicators of substrates intended for ag-
ricultural use. As there are no limit values or requirements 
for pathogens in phosphate materials for agricultural ap-
plication, a comparison with organic fertilizers legislation 
is valid. The results confirm that the levels of pathogens in 
the PS are under the detection limit, or far below the limits 
set by most European countries for biosolids used for agri-
culture (Collivignarelli et al., 2019).

FIGURE 5: TGA and TDA curves.
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The results of the germination test carried out using 
tomato and maize seeds germinated in PS extract were 
presented in Figure 7. Several authors reported that a GI 
greater than 50% was a good indicator for non-phytotoxic 
samples (Levy and Taylor, 2003; Haouas et al., 2021b). The 
main factors leading to the inhibition of seed germination 

are high concentrations of salts, certain heavy metals (e.g., 
arsenic (As), Pb, Cd, and Cr), and toxic organic compounds 
(e.g., polyphenols and organic acids) (Martínez-Ballesta 
et al., 2020). The PS extract exhibited no phytotoxic effect 
on maize and tomato seeds as their GI values exceeded 
50% (Figure 7). This ability of PS to germinate maize and 

FIGURE 6: FTIR analysis of PS.

Bands and peaks (cm−1) Assignments

922 and 570 cm−1 Symmetric stretching of PO4
3- of Carbonate fluorapatite

1416, 1043, 2515, 877 and 720 cm−1 CO2
3- groups of dolomite, calcite and carbonate fluorapatite

2985 and 2862 cm−1 -CH2 and –CH3 of aliphatic groups

3475, 3440, 3248, and 3614 cm−1 -OH groups in the water molecules and hydroxyl stretching and deformation of Al-Al-OH of smectite

800 cm-1 Si-O-Si symmetrical stretching vibration of quartz

The assignments are based on numerous studies (Regnier et al., 1994; Ojima et al., 2003; Amir et al., 2010; Loutou et al., 2013).

Types of Pathogens Fecal Coliforms(×102) Escherichia Coli (×103) Fecal Streptococci (×102) Staphylococcus aureus Salmonella

Average concentration 
(CFU /g fresh weight) 0.12 ±0.003 0.02 ±0.001 0.03 ±0.001 absent absent

TABLE 2: The main absorbance bands of PS in FTIR spectra and their assignments.

TABLE 3: Enumeration of pathogens in PS.
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tomato seeds is due to the absence of phytotoxic factors 
and the presence of available nutrients (Martínez-Ballesta 
et al., 2020). It was reported that many nutrients found in 
PS improved seeds germination of many crops, including P 
and nitrogen (N) as macronutrients and molybdenum (Mo), 
boron (B), manganese (Mn), Zn as micronutrients (Imran et 
al., 2017; Rehman et al., 2018). 

3.5 Plant growth promotion capacity
Plants grown in treatments and control have survived, 

and no plant death has been observed. Figure 8 indicates 
the appearance of randomly selected plants (one plant 
from each treatment and control). The effect of PS on plant 
growth was assessed by comparing the data obtained 
after the measurement of the growth parameters (root 
length, root dry and fresh weight, shoot height, shoot dry 

and fresh weight and the number of lived leaves), and the 
results were presented in Figure 9 and 10.

The results related to the root part (Figure 9) show that 
the plants cultivated in the soil amended with 20% of PS 
had higher root length (29 cm) than other PS treatments 
and control. However, there was no significant difference 
in root length values (from 26.7 to 29 cm) between plants 
developed in 1, 10, 20, 40, and 50% of PS treatments. The 
concentration of 60% of PS in deficient soil recorded the 
lowest value of 15.7 cm. The application of PS to the soil 
could enhance the fresh weight of roots. In fact, Figure 9 
shows a slight increase of root fresh weight ranged from 
5.14 to 5.68 g in treatments prepared with 1, 5, 10, and 20% 
of PS, compared to control (0% of PS). For root dry weight, 
the control plants showed a maximum value of 1.54 g with 
a significant difference (p <0.05) in PS treatments. While, 

FIGURE 7: The GI of the tomato seeds in the PS extract.

FIGURE 8: Appearance of tomato plants after 80 days of growth in soil amended with different concentrations of PS.
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FIGURE 9: Length, fresh weight, and dry weight of the root part after 80 days of tomato plants grown in deficient soil amended with differ-
ent concentrations of PS.
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high PS concentrations of 40, 50, and 60% recorded the 
lowest weight of root biomass (fresh and dry weight) of 
tomato plants. 

The results related to the shoot part (Figure 10) show 
that the addition of PS to sandy soil increased the fresh 
weight, dry weight, and height of the plant shoots. Plants 
at concentrations of 1, 5, 10, 20, and 30% of PS had the 
highest shoot fresh weight of between 17.32 and 22.06 
g. The application of PS at 20% significantly increased (p 
<0.05) the shoot biomass compared to other concentra-
tions of PS. While control plants showed the lowest values 
of 12.28 g and 2.13 g in fresh and dry weight, respectively. 
In addition, a significant effect of the PS amendment was 
observed on plant height and the number of lived leaves. In 
treatments of 1, 5, 10, 30, 40, and 50% of PS, recorded the 
highest values of shoot height fluctuated between 83 and 
70 cm. In control with only soil, the value of shoot height 
was 55.3 cm. Concentrations from 5 to 40% of PS added 

to the deficient soil increased the number of leaves of to-
mato plants (ranged from 13 to 16) compared to control 
(12 leaves). In contrast, the lowest number of leaves was 
registered in plants grown in the amended soil at 50 and 
60% of PS. 

PS at a concentration of 20% significantly improved 
root elongation, shoot fresh weight, and shoot dry weight 
and a concentration of 5% induced higher shoot height 
and number of lived leaves compared to control. In con-
trast, concentrations of up to 40% of PS (40, 50, and 60%) 
showed poor plant development and reduced root biomass 
compared to control. The enhancement of plant growth in 
the presence of PS amendments could be due to improved 
soil agronomic properties, leading to increased water and 
nutrient availability (Belay et al., 2020). The PS clay miner-
als may increase sandy soil's chemical and physical prop-
erties, making the water readily available for plant roots, 
leading to strong roots and tall and healthy shoots (Kay-

FIGURE 10: Height, fresh weight, dry weight, and the number of lived leaves of the shoot part after 80 days of tomato plants grown in 
deficient soil amended with different concentrations of PS.
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ama et al., 2016). It has been shown that clay addition to 
the sandy soil increased significantly 2.5 times the yield 
of maize (Gold dent KD 777) and cucumber (Shin toki wa) 
and also by 12.8% of squash (Cucurbita Pepo) compared 
to control (Ismail and Ozawa, 2007; Al-Omran et al., 2005). 

The growth parameters (Figure 9, 10) reveal that the 
control plants were less developed than PS treatments, 
especially at 20% and 5%. This phenomenon could be at-
tributed to the water shortage of the sandy soil used. The 
water deficit for plant uptake has been found to have a 
large impact on many cultivars, including tomato plants 
(Ximénez-Embún et al., 2018). In fact, it has been reported 
that clay-rich materials application in sandy soils increased 
the cropping yield due to improved water holding capacity 
(Ismail and Ozawa, 2007). However, incorporating a large 
quantity of clay-rich materials may negatively affect plant 
growth, as stated in this study, when the PS concentration 
exceeded 40% and mainly at 60%. Excess of clay fraction 
into the soil may cause several adverse effects when ir-
rigated, such as waterlogging, which has led to roots as-
phyxiation and the reduction respiration activity of soil mi-
croorganisms (Gil et al., 2011). As reported in this study, 
smectite is the major fraction of PS clay minerals, which, 
due to its physical properties such as fine particle size, high 
surface area, and variable interlayer spacing, it could be the 
main responsible for clay effect on plant growth at 60% of 
PS (Dixon, 1991). On the other hand, the lack of nutrients 
and water states in the soil induces plants to develop deep 
and strong roots in search of water pockets and nutrients 
along with short and weak shoots, as stated in this study 
for plants cultivated in only sandy soil (control) (Hermans 
et al., 2006). 

4. CONCLUSIONS
The characterization of PS is crucial to determine their 

benefit and potential risk criteria for farming soil. PS is a 
stable material with a high nutrient content   such as P, Ca, 
and Mg. In addition, PS mineral clays had beneficial prop-
erties for improving the performance of deficient sandy 
soils, such as high water holding capacity and a slow re-
lease of nutrients compared to chemical fertilizers. PS was 
therefore shown to be free of pathogens and phytotoxic 
substances, indicating a low risk of contamination of the 
harvested products. Consequently, the use of a PS concen-
tration of 20% is highly recommended. Thus, it should be 
combined with organic-rich material such as compost to 
replenish the low OM content in PS.
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ABSTRACT
The pyrolysis of sewage sludge is an alternative method to recycle the contained 
nutrients, such as phosphorus, by material use of the resulting biochar. However, 
the ecological effects of pyrolysis are not easy to evaluate. Therefore, a life cycle 
assessment (LCA) was carried out to determine the environmental impact of sewage 
sludge pyrolysis and to compare it with the common method of sewage sludge incin-
eration. In order to identify the most sustainable applications of the resulting biochar, 
four different scenarios were analyzed. The modeled life cycles include dewatering, 
drying and pyrolysis of digested sewage sludge and utilization paths of the by-prod-
ucts as well as various applications of the produced biochar and associated trans-
ports. The life cycle impact assessment was carried out using the ReCiPe midpoint 
method. The best scenario in terms of global warming potential (GWP) was the use 
of biochar in horticulture with net emissions of 2 g CO2 eq./kg sewage sludge. This 
scenario of biochar utilization can achieve savings of 78% of CO2 eq. emissions com-
pared to the benchmark process of sewage sludge mono-incineration. In addition, 
no ecological hotspots in critical categories such as eutrophication or ecotoxicity 
were identified for the material use of biochar compared to the benchmark. Pyrolysis 
of digested sewage sludge with appropriate biochar utilization can therefore be an 
environmentally friendly option for both sequestering carbon and closing the nutrient 
cycle.

1. INTRODUCTION
Pressure on limited natural nutrient resources, such 

as phosphorus (P), is increasing due to the growing world 
population and the resulting growing demand for fertilizers 
to ensure a sufficient food supply. Raw phosphates, which 
serve as the basis for the production of mineral fertilizers, 
come from mineral resources extracted mainly in Morocco 
and China (Cordell & White, 2011; Schoumans et al., 2015). 
Another source of P is municipal wastewater, which could 
theoretically replace up to 50% of the mineral P fertilizer 
applied annually in European agriculture (Egle et al., 2016). 
Therefore, a long-term strategy is needed to provide nat-
ural nutrients and enable waste-based nutrient recycling, 
especially for potentially critical raw materials like P. This 
paradigm shift from wastewater treatment as disposal to 
resource recovery requires new research approaches and 
treatment technologies and must be guided by the appli-
cation of green engineering principles to ensure economic, 

social and environmental sustainability (Peccia & Wester-
hoff, 2015). In recent years, most European legislation has 
agreed on the use of the nutrient and energy value of sew-
age sludge, but due to transition periods and the conflict 
between economic challenges and environmental safety, 
the implementation of new technologies will take decades 
(Christodoulou & Stamatelatou, 2016). Therefore, very little 
P is currently recovered, as the economics of recovery from 
waste streams are unfavorable compared to P extracted 
from mining. The economics could change in the near 
future as depletion of reserves leads to higher extraction 
costs and the peak of phosphorus mining could occur by 
2030 (Elser & Bennett, 2011). The total value of P recycling 
should therefore be considered, including social and envi-
ronmental aspects (Mayer et al., 2016). The data and the 
framework for modeling the environmental impact of these 
elusive aspects of recycling management can be provided 
by LCA (Haupt & Hellweg, 2019).
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Existing sewage sludge treatments such as co-combus-
tion in the cement industry or in lignite-fired power plants 
reduce the P concentration in the ash and thus make P ex-
traction more difficult and expensive. An ideal technology 
should offer maximum P recovery rates, good fertilization 
properties of the product, removal and destruction of po-
tentially hazardous substances and low environmental and 
economic risks (Egle et al., 2016; Leinweber et al., 2018). 
Therefore, the pyrolysis of sewage sludge is a promising 
approach to implement a circular economy for nutrients 
and to eliminate pathogens and other organic pollutants 
(Bridle & Pritchard, 2004; Frišták et al., 2018; Glaser & Lehr, 
2019; Méndez et al., 2013; Paz-Ferreiro et al., 2018) and 
carbon sequestration to fight the climate crisis (Alhashimi 
& Aktas, 2017; Ennis et al., 2012). Furthermore, pyrolysis 
fixes and immobilizes the heavy metals in the biochar ma-
trix so that the risk of leaching is minimized compared to 
the direct agricultural application of the sludge (Agrafioti et 
al., 2013). In the past, several life cycle assessment (LCA) 
studies of fast pyrolysis, slow pyrolysis and intermedi-
ate pyrolysis of sewage sludge have been carried out to 
evaluate the sustainability of thermochemical conversion 
treatments of sewage sludge (Cao & Pawłowski, 2013; Li 
& Feng, 2018; Marazza et al., 2019; Salman et al., 2019; 
Samolada & Zabaniotou, 2014; Teoh & Li, 2020). 

In this study, a LCA of the pyrolysis of digested sewage 
sludge with a special focus on different, biochar applica-
tions was carried out and the results were compared with 
the usual process chain of sewage sludge mono-incinera-
tion with subsequent ash landfilling excluding P-recovery. 
Besides an energetic and environmental evaluation of py-
rolysis as a treatment process for sewage sludge, one goal 
was to determine the best utilization of sewage sludge bi-

ochar. Secondary aspects of this study focus on nutrient 
recycling ability, especially for P (Frišták et al., 2018), and 
the carbon sequestration potential of the biochar produced 
(Schmidt et al., 2018).

2. METHODS
2.1 Energy and material flows

In order to calculate all material and energy flows for 
the treatment process itself and the subsequent biochar 
application, a model for the process chains has been gen-
erated in the LCA software GaBi ts. It was assumed that 
the substrate originates from the anaerobic digestion of 
sewage sludge in an existing wastewater treatment plant 
(WWTP) with total solids (TS) content of 5% (volatile solids 
(VS): 48%). In the model the main parameters of the de-
watering, the subsequent drying and the pyrolysis process 
were set to the following values (Table 1).

2.1.1 Material flows
Since all sewage sludge can contain heavy metals and 

potentially toxic inorganic and organic components, an un-
treated return of the sludge to the environment is no longer 
recommended. While organic compounds react during the 
pyrolysis process, heavy metals cannot be destroyed and 
accumulate in the biochar. The concentrations of heavy 
metals must be carefully monitored due to their potential 
toxic risk (Bauer et al., 2020; van Wesenbeeck et al., 2014), 
although they may be immobilized by the pyrolysis process 
(Agrafioti et al., 2013). The milder thermal reaction con-
ditions during pyrolysis can destroy harmful organic sub-
stances while maintaining the bio-availability of nutrients 
such as nitrogen (N), potassium (K) and P, in contrast to 
the high temperatures during mono-incineration (Glaser & 

Process Step Unit Value Range Reference

Dewatering of the sludge

Input: digested sewage sludge [kg] 1 - Functional unit

Input: total solids [%] 5 - ecoinvent database

Flocculant [g] 0,55 0,4–0,7 (Denkert et al., 2013)

Electricity [kJ] 7,2 6,1-8,4 (Denkert et al., 2013)

Output: total solids [%] 25 22-30 (Denkert et al., 2013)

Drying of the dewatered sludge

Electricity [kJ] 36 32-38 Calculateda

Thermal energy [kJ] 612 590-650 Calculateda

Output: total solids [%] 80 78-89 Calculateda

Pyrolysis

Thermal energy [kJ] 79 50-112 Calculatedb

Electricity [kJ] 21 15-36 Calculatedb

Pyrolysis temperature [°C] 550 450-700 Estimatedb

Residence time [h] 1 0,3-3 Estimatedb

Output: biochar [g] 23 21-30 (Tomasi Morgano et al., 2018)

Output: gas and liquid [g] 30 23-32 (Tomasi Morgano et al., 2018)

a Data from (ELIQUO, 2020) and (Jacobs et al., 2019) b Data from (PYREG, 2020) and (Tomasi Morgano et al., 2018)

TABLE 1: Parameters of digested sewage sludge pyrolysis in the LCA model.
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Lehr, 2019; Paneque et al., 2019). To determine the best 
utilization of biochar, flows and accumulation of heavy 
metals, organic pollutants and valuable nutrients were 
modeled using the LCA software. It was assumed that the 
liquid phase and the gas produced as byproducts in pyrol-
ysis processes will be incinerated on site to generate ther-
mal energy for sludge drying and heating up the pyrolysis 
process. The press water from the dewatering of digested 
sewage sludge containing organic substances and nutri-
ents is treated in the on-site WWTP, balanced according to 
their loads.

2.1.2 Energy flows
The energetic modeling of the pyrolysis process was 

carried out using literature and industrial data. Values for 
other energy flows, e.g. the electricity required for the dewa-
tering process, were also taken from literature. The emis-
sions of the aggregated background processes originate 
from the databases of GaBi and ecoinvent and the data for 
the benchmark process of sewage sludge mono-inciner-
ation were taken from the ecoinvent process, which was 
adapted to the geographical framework conditions.

2.2 Life Cycle Assessment
The LCA was carried out according to the requirements 

of the ISO 14040 and 14044 standards (Deutsches Institut 
für Normung, 2009).

2.2.1 Functional Unit
In order to compare the pyrolysis of sewage sludge with 

the given process of mono-incineration and possible other 
thermochemical treatment methods such as hydrothermal 
carbonization (Gievers et al., 2019), the functional unit (FU) 
was defined as "Treatment of 1 kg of sewage sludge after 
anaerobic digestion with a total solids content of 5%".

2.2.2 System Boundary
Because mono-incineration currently is mostly recom-

mended as a treatment method for sewage sludge, this 
technology was used as a benchmark process with which 
pyrolysis was compared. The system boundary of the mod-
eled system includes the dewatering, drying and pyrolysis 

of sewage sludge, possible transportation and storage, 
power and heat generation and four different biochar appli-
cations. The energy for the pyrolysis was provided as elec-
tricity and thermal energy for the operation of the plant. In 
this study, the energy content of the pyrolysis gas and the 
pyrolysis liquid phase was too low to cover the demand for 
both sludge drying and pyrolysis, so additional energy from 
the combustion of biogas from sewage sludge digestion 
was used to provide the required process heat. This was 
particularly necessary for the start-up phase of the pyroly-
sis and the upstream drying process. For the utilization of 
the biochar the avoided burden approach was chosen to 
take into account the emissions of the processes replaced 
by the pyrolysis process chains. The use of biochar as a 
fuel replacing lignite or as a fertilizer replacing NPK fertiliz-
ers and peat was compared with the incineration and appli-
cation of the fossil-based products. For a cascade use of 
biochar in the biogas process and in agriculture, the saving 
of maize silage due to the higher biogas yield with biochar 
was considered. The substitution of lignite was balanced 
by the energy content of biochar for co-incineration in lig-
nite power plants using existing incineration capacities. 
The credits for peat in horticulture were calculated by 
weight, as well as the credits for the fertilizing properties of 
biochar, adjusted with equivalence factors. For the avoided 
NPK fertilization, the nutrient content of the biochar was 
counterbalanced. A total of four different utilization paths 
(S1-S4) were analyzed and compared with the benchmark 
process in terms of emissions (Figure 1).

2.2.3 Modeling Framework
As pyrolysis is not yet a market-penetrating technolo-

gy for sewage sludge treatment, it is unlikely that the pro-
duction and use of biochar as fuel or material will lead to 
structural changes in the fuel and fertilizer markets in the 
near future. Therefore, the current study is considered a 
microlevel decision support (type A) situation according to 
the ILCD guidelines where an attributional approach was 
applied in the assessment with generic data from the LCA 
databases of GaBi and ecoinvent for the background sys-
tem. The foreground system includes the process-based 
model of dewatering, drying, pyrolysis and biochar utiliza-

FIGURE 1: System boundary of the investigated sewage sludge to biochar process chains.
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tion. Credits were accounted for cases of aggregated pro-
cesses with substitution of commodities. The geographi-
cal framework of the LCA was the EU.

2.2.4 LCA-software and Life Cycle Inventory (LCI) data
The processes were modeled with the LCA soft-

ware GaBi ts (Version 10, sphera solutions GmbH, Lein-
felden-Echterdingen, Germany). Life cycle inventory (LCI) 
datasets provided by GaBi and ecoinvent (v3.6) (Wernet et 
al., 2016) were used as data background. Some data con-
cerning the dewatering, drying, pyrolysis and some auxilia-
ry flows were either estimated, calculated or taken from the 
literature (see Table 1). The biochar characteristics for the 
LCI were adopted using the values of Table 2. Additional 
information on LCI data can be found in the supplementary 
material.

2.2.5 Life Cycle Impact Assessment (LCIA)
Life Cycle Impact Assessment (LCIA) was performed 

using the ReCiPe 2016 midpoint methodology, as imple-
mented in GaBi ts. In this paper the focus is on GWP meas-
ured in kg CO2 eq. (incl. biogenic carbon) with a Hierarchist 
(H) perspective, which is based on the most common policy 
principles and uses a medium time frame of 100 years (Hu-
ijbregts et al., 2017). In order to obtain a complete picture 
of the environmental impacts of sewage sludge pyrolysis, 
further LCIA categories were evaluated according to the 

ReCiPe method: Stratospheric Ozone Depletion, Ionizing 
radiation, Fine Particulate Matter Formation, Freshwater 
Eutrophication, Freshwater Ecotoxicity, Marine Eutrophica-
tion, Marine Ecotoxicity, Terrestrial Acidification, Terrestrial 
Ecotoxicity, Fossil depletion and Human toxicity (cancer 
and non-cancer).

2.2.6 Assumptions and limitations
Due to the lack of data from users of sewage sludge-

based biochar in an industrial scale, the material flows 
including transport routes, the weighting and use of mod-
ifications from generic data were determined on the basis 
of reasonable assumptions, data from pilot plants and lit-
erature. In addition, the geographical scope only includes 
energy mix data from the European Union and only four 
scenarios were modeled for the use of biochar and one 
scenario for the benchmark process of mono-incineration 
and ash landfilling without P recycling. The system bound-
ary is limited to the treatment process after the anaerobic 
digestion and includes the construction and decommis-
sioning of the pyrolysis plant, the actual pyrolysis process 
with the incineration of the gas and liquid phase and subse-
quent heat recovery for sludge drying and linked additional 
energy supply. Sludge generation processes in WWTP and 
subsequent sludge digestion were not in the scope of the 
study. The storage and transport of biochar by truck in the 
four different scenarios as well as the handling and credits 

Biochar Characteristics Unit Value Source

C content [kg kg-1] 0,134 (Breulmann et al., 2017; Paneque et al., 2017)

Clabile content [%] 2 (Breulmann et al., 2017)

bulk density [Mg m -³] 0,2 (Breulmann et al., 2017)

calorific value [MJ kg-1] 8,6 (Tomasi Morgano et al., 2018)

P content [kg kg -1] 0,061 (Breulmann et al., 2017)

K content [kg kg -1] 0,012 (Breulmann et al., 2017)

N content [kg kg -1] 0,009 (Breulmann et al., 2017; Paneque et al., 2017)

Biochar application rate [Mg ha-1] 20 estimated

As content [mg kg-1] 14 (Song et al., 2014)

As leaching concentration [mg kg-1] 3,2 (Song et al., 2014)

Zn content [mg kg-1] 1784 (Song et al., 2014)

Zn leaching concentration [mg kg-1] 6,4 (Song et al., 2014)

Pb content [mg kg-1] 95,7 (Song et al., 2014)

Pb leaching concentration [mg kg-1] 1,8 (Song et al., 2014)

Ni content [mg kg-1] 61,5 (Song et al., 2014)

Ni leaching concentration [mg kg-1] 0,3 (Song et al., 2014)

Cd content [mg kg-1] 3,3 (Song et al., 2014)

Cd leaching concentration [mg kg-1] 0,07 (Song et al., 2014)

Cr content [mg kg-1] 58 (Song et al., 2014)

Cr leaching concentration [mg kg-1] 0,2 (Song et al., 2014)

Cu content [mg kg-1] 329 (Song et al., 2014)

Cu leaching concentration [mg kg-1] 0,7 (Song et al., 2014) 

PAH (sum) [µg kg-1] 665 (Zielińska et al., 2016)

TABLE 2: Biochar characteristics.
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are included in the system. Where the handling of biochar 
was not the only activity associated with a process, e.g. 
the manufacturing of a tractor for use on a farm, the cor-
responding flows were either allocated (e.g tractor) or ne-
glected (e.g. potential adjustments to the biogas infrastruc-
ture). In general, it was estimated that 98% of the material 
and 95% of energy flows were captured in the model. Since 
sewage sludge is a very inhomogeneous material whose 
chemical and physical characteristics can vary greatly de-
pending on regional, technical, and seasonal conditions 
(Twardowska et al., 2004), the most average possible val-
ues for the various material and energy flows as well as the 
biochar and by-products produced were used based on an 
extensive literature and industrial data research.

Therefore, the uncertainty for that kind of substrate 
is generally high. Since there is a large variety within the 
parameters, depending on the technical conditions in the 
wastewater treatment plant (high substrate diversity), the 
geographical conditions and the lack of data on the appli-
cation of sewage sludge biochar on a large scale, the un-
certainty is high in comparison to a specific (future) case, 
where sludge, pyrolysis and biochar parameters are well 
defined through industrial data and a pyrolysis treatment 
and a biochar utilization route are established. For the ap-
proach in this particular study where the goal was to cover 
a general European scope and not a specific WWTP and 
pyrolysis configuration, values out of many studies were 
conducted to specific aspects of the biochar and technical 
properties. Thus, the results of the LCA will also be subject 
to a high degree of uncertainty, which is immanent due to 
the different conditions and the chosen frame of reference. 
In addition, many of the generic inventories from the data-
bases are representative of Global or German rather than 
European conditions, which, in turn decreases the certainty 
of model outcomes.

3. RESULTS AND DISCUSSION
3.1 Energy and material flows

The material flows of the entire process chain of treat-
ment of digested sewage sludge and the thermal energy 

flows of the pyrolysis process with thermal energy recovery 
were investigated to identify the most important processes 
and to determine possible options for their optimization. 
Regarding material flows, the largest mass loss was ob-
served in the thickening process, where about 80% of the 
sludge mass can be reduced. In general, only very little of 
the initial sludge mass is treated by pyrolysis due to the 
high water content and the necessary pre-treatment for the 
pyrolysis process, which results in a total solids contents 
of over 80% in the dried sludge. About 2,3% of the input 
sludge mass ends up in the biochar and 3% in the oil and 
gas phase (Figure 2). Therefore a suitable pre-treatment 
leading to high total and volatile solids loads should be 
applied (Skinner et al., 2015) to achieve a good energetic 
performance of the pyrolysis and high biochar yields (Barry 
et al., 2019; Cao & Pawłowski, 2012). The treatment of the 
process water from the thickening process also requires 
an appropriate process to reduce the chemical oxygen de-
mand (COD) and nitrogen load in the effluent with the aim 
to improve the environmental performance of the entire 
process chain (Gourdet et al., 2017). In general, a sludge 
mass reduction of 97% can be achieved over the entire pro-
cess chain, which underlines its application as an efficient 
treatment process for volume reduction and increasing the 
transportability of the sewage sludge.

The analysis of the thermal energy flows of the pyroly-
sis process with energy recycling in the process itself and 
the upstream drying process shows that 86% of the thermal 
energy is used for water evaporation in the drying process 
(Figure 3). Around 52% of the total thermal energy required 
can be supplied by the combustion of the pyrolysis oils and 
gases, while 48% is supplied externally from biogas gen-
erated by the WWTP, which is also reflected in the results 
of Salman et al. (2019). Drying of the sludge can therefore 
be supported by the downstream treatment process with 
additional energy from the upstream digestion process. 
As the energy recovery potential is strongly influenced by 
the content of volatile solids in the sludge raw material, it 
would make sense to use primary and secondary sludge 
as substrate, but in general the combination of anaerobic 

FIGURE 2: Material flows of sewage sludge thickening, drying and pyrolysis.



99F. Gievers et al. / DETRITUS / Volume 16 - 2021 / pages 94-105

digestion and pyrolysis could achieve a higher energy effi-
ciency compared to pyrolysis of untreated sludge (Cao & 
Pawłowski, 2012). 

3.2 Benchmark process of sewage sludge mono-in-
cineration

The benchmark process of sewage sludge digestate 
mono-incineration was based on a process from the ecoin-
vent database: [Jungbluth, N., treatment of digester sludge, 
municipal incineration, future, CH, Substitution, consequen-
tial, long-term]. The functional unit of the process refers to 
the mono-incineration of 1  kg of wet sludge with 5% dry 
solids and is therefore comparable to the results of the py-
rolysis model. As commercial pyrolysis of sewage sludge 
has not yet reached a significant market share, a process 
adapted by ecoinvent with future emission reductions was 
chosen as a benchmark process. For the GWP this bench-
marking process led to emissions of 7,5 g CO2 eq./kg sew-
age sludge.

3.3 Overall GWP of sewage sludge pyrolysis and bi-
ochar application

The distributions of emissions for the sewage sludge 
treatment process with subsequent utilization scenarios of 
the biochar were analyzed to identify their environmental 
impact based on the GWP (Figure 4). Regarding the four 
biochar scenarios studied, horticultural use of biochar 
had the lowest net greenhouse gas (GHG) emissions of 
1,6  g  CO2  eq./kg sewage sludge. The lignite-fired power 
plant scenario led to net emissions of 4,2  g  CO2  eq./kg 
sewage sludge and the scenario with cascade use of bi-
ochar resulted in total net emissions of 4,9 g CO2  eq./kg 
sewage sludge. All these three scenarios had a lower GWP 
than the benchmark process of mono-incineration. The 
scenario of agricultural use of biochar had total emissions 
of 19,8 g CO2 eq./kg sewage sludge. Credits for agricultural 
use of biochar are the lowest of all scenarios due to the rel-
atively low impact of fossil-based fertilizers and the carbon 
sequestration potential of biochar compared to the substi-
tution of fossil-based materials such as lignite or peat. In 
contrast to the findings, Mills et al. (2014) calculated a total 

saving of 30,5 g CO2 eq./kg sewage sludge with a slightly 
different system configuration and system boundary, main-
ly due to electricity generation credits from the pyrolysis 
process, whereas Li & Feng (2018) illustrated positive net 
emissions for a comparable system. Overall, the treatment 
of digested sewage sludge with dewatering, drying and 
pyrolysis resulted in emissions of around 25 g CO2 eq./kg 
sewage sludge. The contribution of dewatering to the to-
tal emissions of the treatment was 29% and that of drying 
accounted for 57%. Emissions resulting from the pyrolysis 
process and the use of the generated liquids and gases 
for sludge drying contributed 14% of total treatment emis-
sions. The emissions occurring during drying and dewater-
ing underline the importance of the sludge water content 
for optimizing the environmental impact of the treatment 
process. The energy consumption for drying the dewatered 
sludge generates the greatest contribution to the energy 
demand of the whole process chain (Table 1) and to the 
CO2 eq. emissions (Figure 4). As a wide range of energy 
consumption of dewatering technologies can be observed 
(Yoshida et al., 2013), an energetic optimisation option of 
the sludge pyrolysis process chain would be to increase 
the dry solids and carbon content of the digested sewage 
sludge with the most energy efficient dewatering technol-
ogy before the drying process. Another option for further 
process improvements would be the co-pyrolysis of car-
bon-rich waste streams such as biowaste. Miller-Robbie et 
al. (2015) showed that combining agricultural application 
of sewage sludge with the addition of yard trimmings-bio-
char could reduce GHG emissions by sequestering carbon 
in the soil and avoiding fertilizer requirements.

In comparison to the mono-incineration of sewage 
sludge, the co-incineration of biochar in lignite power plants 
has a slightly lower emission potential of 4,2 g CO2 eq./kg 
sewage sludge. However, due to the imminent phase-out of 
lignite-based electricity generation in the future and the asso-
ciated reduction in co-combustion capacities, as well as the 
high emissions of the burned lignite, it does not make sense 
to pursue this utilization path further. In addition, the P con-
centration in the co-incineration ash would be further diluted 
and P could not be recycled as with material biochar use.

FIGURE 3: Thermal energy flows for the drying and pyrolysis of sewage sludge with an initial total solids content of 5%.
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FIGURE 4: Global warming potential (GWP) of the four investigated scenarios of sewage sludge pyrolysis in comparison to the benchmark 
process.

3.4 GHG savings through biochar as a carbon se-
questrator and nutrient recycler

Figure 5 shows the GHG emissions of the scenarios 
resulting from the application of biochar and the gen-
erated credits. The greatest amount of GHG reduction 
(19  g  CO2  eq./kg sewage sludge) was observed for the 
substitution of peat in horticulture. In the case of cascade 
use in a biogas plant and in agriculture, the substitution of 
maize silage due to the higher digestion performance (Yue 
et al., 2019) of 1% could achieve a saving of 15 g CO2 eq./
kg sewage sludge. 

The carbon sequestration potential of biochar when 
used in agriculture or horticulture is relatively low at 

2 g CO2 eq./kg sewage sludge, as the stable carbon con-
tent of biochar from sewage sludge is also very low at 
around 13%. The carbon sequestration capacity of biochar 
could be increased by broadening the substrate spectrum, 
for example by using activated sludge for pyrolysis instead 
of digested sludge (Cao & Pawłowski, 2012). With around 
4  g  CO2  eq./kg  sewage sludge, the substitution of fos-
sil-based NPK fertilizers contributed to the emission sav-
ings, mainly due to the P content of the biochar. 

For the scenario of co-incineration of biochar in lig-
nite-fired power plants, savings of 21 g CO2 eq./kg sewage 
sludge were observed when energy from fossil lignite was 
substituted. In general, the contributions to emission re-

FIGURE 5: GHG emissions of different applications of biochar produced from 1 kg digested sewage sludge.
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duction through carbon sequestration and P recycling of 
biochar are below the credits derived from replacing fos-
sil materials such as lignite and peat. In all scenarios, the 
emissions caused by the transport and handling of biochar 
were comparably low. Furthermore, the results show that 
cascade use of biochar could increase the benefits com-
pared to single use. 

3.5 Results of other LCIA categories
To evaluate the overall environmental performance of 

the sewage sludge-to-biochar system, several LCIA catego-
ries in addition to GWP were evaluated and compared to the 
benchmark process. The net emissions for each scenario 
(S1-S4) are shown in Table 3 and the comparison with the 
benchmark process (100%) is illustrated in Figure 6.

Figure 6 shows the percentage of net emissions of the 
different scenarios compared to the benchmark. For all 
scenarios (S1-S4), results for impact categories regarding 
(terrestrial, freshwater and marine) ecotoxicity and (fresh-
water and marine) eutrophication were all lower than the 
benchmark impacts (0,1% to 40%), although nutrient flows 
and potential toxic contaminants like heavy metals and 
polycyclic aromatic hydrocarbons (PAH) were included 
in the model. In contrast, impacts on terrestrial acidifica-
tion, ionizing radiation and stratospheric ozone depletion 
exceeded benchmark emissions up to 190%. Compared 
to the benchmark scenario, each scenario resulted in very 
low human toxicity (cancer), freshwater ecotoxicity and 
marine ecotoxicity potential, regardless of whether the bio-
char was used as a material or as an energy source (2-3%). 
The emissions contributing to this impact category depend 
mainly on the heavy metal content of the biochar and its 
re-solubility into the environment, but also on the relatively 
high loads of heavy metals (e.g. chromium) of the generic 
benchmark process in comparison. Non-cancer human tox-
icity results were also lower than the benchmark emissions 
in all scenarios. The category with the greatest differences 
within the scenarios was fossil depletion. For the substitu-

tion of lignite overall savings of -30% could be accounted 
while for the agricultural use (S1) and the combined biogas 
and agricultural use (S3) fossil depletion were higher than 
the baseline (170% and 157%) which was mainly due to the 
higher consumption of fossil fuels by agricultural activity 
(S1 and S3) and the substitution of lignite (S4). For terres-
trial acidification, only S3 had lower emissions compared 
to the benchmark (71%) which can be explained with the 
credits from the saved maize cultivation. A similar pattern 
is also evident for stratospheric ozone depletion, where the 
biogas and agriculture scenario had a lower impact com-
pared to the benchmark (62%). Only in this category the 
horticultural scenario (S2) performed the worst, resulting 
in the highest emissions of 146% compared to the bench-
mark.

In general, the cascade use of biochar in biogas plants 
and agriculture (S3) resulted in the lowest impact in most 
categories, with exception of GWP, ionizing radiation and 
fossil depletion. The horticulture scenario (S2) was the 
best in terms of GWP impacts and due to peat substitution, 
the fossil depletion potential was very low. Even the co-in-
cineration scenario in lignite power plants (S4) in some cat-
egories can lead to lower impacts compared to the bench-
mark. This can be explained by the very poor environmental 
performance of lignite combustion for power generation 
compared with the European grid mix. However, the materi-
al use of biochar showed no environmental hotspot in crit-
ical categories for agricultural use such as eutrophication 
or ecotoxicity compared to the benchmark, although all 
potentially critical substance flows such as heavy metals 
and PAH were represented in the model. For example, the 
innovative use of biochar in a cascade to exploit multiple 
positive effects can achieve nutrient recycling while keep-
ing the environmental impacts low.

3.6 Sensitivity analysis 
Sensitivity analyses were conducted for (1) the elec-

tricity and thermal energy consumptions of the pyrolysis 

LCIA Category (ReCiPe, 2016) Unit
Scenario Benchmark

Agri (S1) Horti (S2) Biogas + Agri (S3) Lignite (S4) Mono-Incineration

Global Warming Potential [kg CO2 eq.] 1,98E-02 1,62E-03 4,91E-03 4,23E-03 7,45E-03

Fine Particulate Matter Formation [kg PM2,5 eq.] 2,79E-05 2,52E-05 1,87E-05 2,83E-05 2,64E-05

Fossil Depletion [kg oil eq.] 4,84E-03 6,73E-05 4,48E-03 -8,43E-04 2,85E-03

Freshwater Ecotoxicity [kg 1,4 DB eq.] 8,46E-05 6,10E-05 3,92E-06 8,37E-05 2,81E-03

Freshwater Eutrophication [kg P eq.] 1,01E-05 9,66E-06 8,11E-06 2,69E-05 6,69E-05

Ionizing Radiation [Bq. Co-60 eq. to air] 7,45E-04 6,60E-04 7,14E-04 7,47E-04 3,94E-04

Marine Ecotoxicity [kg 1,4 DB eq.] 1,10E-04 7,91E-05 1,52E-05 1,08E-04 3,39E-03

Marine Eutrophication [kg N eq.] 5,51E-05 5,51E-05 4,42E-05 5,50E-05 1,56E-04

Stratospheric Ozone Depletion [kg CFC-11 eq.] 1,10E-07 1,15E-07 4,86E-08 1,05E-07 7,86E-08

Terrestrial Acidification [kg SO2 eq.] 1,07E-04 1,03E-04 5,06E-05 1,04E-04 7,17E-05

Terrestrial Ecotoxicity [kg 1,4 DB eq.] 1,18E-02 8,15E-03 7,58E-03 7,19E-03 2,53E-02

Human Toxicity, cancer [kg 1,4 DB eq.] 1,53E-04 1,17E-04 1,05E-04 1,52E-04 5,09E-03

Human Toxicity, non-cancer [kg 1,4 DB eq.] 2,16E-02 2,06E-02 9,62E-03 1,37E-02 2,89E-02

TABLE 3: LCIA emissions of the investigated scenarios (S1-S4).
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process, the drying step and the dewatering process, (2) 
the nutrients (N, P, and K), Carbon and heavy metals (Pb, 
Cd and Cr) contents of the biochar for the scenarios with 
material use of biochar (S1-S3) and (3) the calorific val-
ue of the biochar for scenario S4. Within the parameter 
variation, all other parameter values were the same as 
in the reference scenario or as in the baseline values in 
the scenarios S1-S4. Sensitivity of parameters changes 
(±10%) to LCIA results was conducted by comparing LCIA 
results with and without parameter changes. If the ratios 
are positive, the environmental impact increases with an 
increase in the parameter value and vice versa (see Sup-
plementary Material, Table A.3, Table A.4, Table A.5, Table 
A.6 and Table A.7). Parameters with an absolute LCIA 
category change of less than 2,5% are considered insen-
sitive. For the sake of clarity, only the results for the most 
sensitive parameters were explained further. Regarding 
the influence of the increased electricity demand of the 
pretreatment steps and pyrolysis, a small net emission in-
crease of about 2,5% in the pyrolysis process and 3,3% in 
the drying process could only be found for fossil depletion 
and ionizing radiation, resulting from the generic electric-
ity mix based on partially nuclear and fossil fuels electric-
ity. The sensitivity of heat demand for the drying process 
indicates, that a minute variation can have a major effect 
on the resulting impacts, which was also revealed by Cao 
& Pawłowski (2013). For the GWP an increase of 8,4% and 
for fossil depletion an increase of 3,9% were determined 
for an heat demand increase of 10%. Other categories with 
a noteable increase were marine ecotoxicity and marine 

eutrophication (13,8% and 3,5%), freshwater eutrophi-
cation (3%), stratospheric ozone depletion (14,3%), fine 
particulate matter formation (13,9%) and terrestrial acid-
ification (13,4%). In general, higher electricity and thermal 
energy demands resulted in higher emissions in the re-
spective categories due to the associated emissions with-
in the generic processes. In particular, the model is quite 
sensitive to the thermal energy input of the drying process. 
These results are consistent with earlier work from Li & 
Feng (2018), which found that the dewatering and drying 
processes also played a key role in the determination of 
the assessment results.

Results for the biochar characteristics variation (2) 
showed that only the C and P concentrations affected the 
categories GWP and fossil depletion in nearly all scenar-
ios. In general, it was found that an increase in nutrient 
and carbon levels caused a reduction in emissions. This 
can be explained by the credits from the avoided product 
systems and the C sequestration properties of the biochar, 
although the C sequestration potential is highly variable 
and depends on the particular soil conditions and biochar 
substrates (Schmidt et al., 2018) and in some cases an in-
crease in the C content of the biochar may even result in 
a lower C sequestration potential (Santín et al., 2017). In 
addition, Li & Feng (2018) showed that varying the VS/TS 
ratio, and thus the carbon content, in the feedstock sludge 
can lead to very different environmental impact profiles. 
An increase or decrease in leachable heavy metal contents 
had no significant effect on any category, also not to the 
toxicity-relevant.

FIGURE 6: LCIA results of different biochar applications compared to the benchmark scenario of mono-incineration.
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The sensitivity regarding the calorific value of the bi-
ochar was high for GWP, fossil depletion, terrestrial acidi-
fication, terrestrial ecotoxicity and particulate matter for-
mation where a 10% increase had a decrease in emissions 
of -56% to 56,0%, -8% to -8,0% and -3% to -3,0%. The main 
reason for that was the substitution of fossil-based energy 
from lignite. Since the modeled emissions from biochar are 
based on carbon content and not calorific value, there is 
greater uncertainty in the model regarding the energy use 
of biochar. For this reason, energy use was evaluated as 
a possible exception to the material utilization of biochar.

Other important assumptions concern substitution of 
products and processes, because avoided impacts often 
had a significant effect. Different choices concerning fer-
tilizing properties or the mix and amount of electricity and 
thermal energy would have led to different results. In par-
ticular, the model is sensitive to the thermal energy input 
of the drying process and the C and especially P content 
of the biochar.

4. CONCLUSIONS
Energy and nutrient recovery from sewage sludge rep-

resents an important strategic lever for sustainable man-
agement of sewage sludge in an emerging bioeconomy. 
In this study, a LCA was conducted to determine whether 
pyrolysis is more sustainable than mono-incineration and 
whether biochar can be a sustainable form of fertilizer that 
simultaneously sequesters carbon. The results of the LCA 
show that substituting fossil based material and fuel (peat 
and lignite) with biochar has the highest potential to reduce 
the climate change impact of sewage sludge treatment. In 
comparison to the benchmark process of mono-incinera-
tion, the scenarios of biochar application in horticulture, 
biochar in cascade use in anaerobic digestion and agricul-
ture and the energetic use in lignite power plant has lower 
emissions. The analyses of the material flows show that 
the main flows, which consist mainly of water, are sepa-
rated before the pyrolysis process. Thus, the pyrolysis pro-
cess can reduce the original sludge mass by 97%. It was 
also revealed that the energy flows of the pyrolysis process 
chain can achieve higher energy efficiency and lower emis-
sions if thermal energy from the pyrolysis process can be 
recycled and biogas from the upstream anaerobic diges-
tion process can be used in the sludge drying process. For 
the environmental performance examplified in the GWP, 
the use of biochar as a material has a similar GHG saving 
potential than its use in existing fossil fuel based power 
plants. Especially if the biochar can be used in a cascade 
(S3), first in anaerobic digestion to improve process param-
eters and then in agriculture to sequester carbon and close 
the nutrient cycle, GHG savings can be generated. Remark-
ably, the use of biochar in agriculture without an additional 
utilization step (S1) has a lower GHG savings potential than 
the use in lignite-fired power plants (S4) and in horticulture 
(S2). The overall environmental impacts determined from 
the results of the other LCIA categories indicate that no 
potential hot spots were detected. In particular, for critical 
categories directly affected by biochar material use, such 
as ecotoxicity to environmental compartments, human tox-

icity or eutrophication, the analysis showed that all biochar 
use scenarios perform better than the benchmark. Howev-
er, six categories perform worse than the benchmark for 
some scenarios: global warming potential, fossil depletion, 
terrestrial acidification, ionizing radiation, and stratospher-
ic ozone depletion. 

In general, improvements in LCIA methodology are 
needed in order to evaluate future benefits of the sludge 
treatment process and biochar utilization, such as recy-
cling of nutrients and soil improvement aspects and gener-
al improvements like pathogen reduction. For biochar as a 
carbon sequestrator, a high carbon content in the untreated 
sludge is needed with suitable process settings of the py-
rolysis. Further LCA studies should therefore be carried out 
with different input sludges and various volatile solids con-
centrations. With regard to the recyclability of P through 
the pyrolysis process, it was determined that almost the 
entire P content of the sludge is accumulated in the bio-
char. This could ensure an effective nutrient recycling with-
out any further downstream treatment. Overall, the results 
show that in some cases, compared to the incineration of 
sewage sludge, it is possible to reduce GHG emissions 
while at the same time closing the P and (partially) the C 
cycles and minimizing environmental risks of potentially 
toxic substances like heavy metals or PAH.
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ABSTRACT
This analysis estimates the technically available potentials of renewable gases 
from anaerobic conversion and biomass gasification of organic waste materials, as 
well as power-to-gas (H2 and synthetic natural gas based on renewable electricity) 
for Austria, as well as their approximate energy production costs. Furthermore, it 
outlines a theoretical expansion scenario for plant erection aimed at fully using all 
technical potentials by 2050. The overall result, illustrated as a theoretical merit or-
der, is a ranking of technologies and resources by their potential and cost, starting 
with the least expensive and ending with the most expensive. The findings point to 
a renewable methane potential of about 58 TWh per year by 2050. The highest po-
tential originates from biomass gasification (~49 TWh per year), while anaerobic 
digestion (~6 TWh per year) and the power-to-gas of green CO2 from biogas upgrad-
ing (~3 TWh per year) demonstrate a much lower technical potential. To fully use 
these potentials, 870 biomass gasification plants, 259 anaerobic digesters, and 163 
power-to-gas plants to be built by 2050 in the full expansion scenario. From the cost 
perspective, all technologies are expected to experience decreasing specific energy 
costs in the expansion scenario. This cost decrease is not significant for biomass 
gasification, at only about 0.1 €-cent/kWh, resulting in a cost range between 10.7 and 
9.0 €-cent/kWh depending on the year and fuel. However, for anaerobic digestion, 
the cost decrease is significant, with a reduction from 7.9 to 5.6 €-cent/kWh. It is 
even more significant for power-to-gas, with a reduction from 10.8 to 5.1 €-cent/kWh 
between 2030 and 2050.

1. INTRODUCTION
The major challenge of this century is climate change. 

To tackle this challenge, it is necessary to find measures 
to limit the temperature rise to a maximum of 2°C, or even 
1.5°C in an optimal case (Gao et al., 2017). Therefore, it 
is necessary to significantly reduce global CO2 emissions 
and reach, at a minimum, carbon neutrality within the next 
20 to 30 years.

On a European scale, in 2011, the European Union pub-
lished a “roadmap for moving to a competitive low-carbon 
economy in 2050.” This roadmap aims for a greenhouse 
gas emission reduction of 80% to 95% by 2050 (European 
Commission, 2011). In 2019, the European Union published 
“new green deal” priority energy efficiency measures. How-
ever, these measures further include the substitution of 
72% of current fossil-based energy by renewable energy 
since this amount cannot be reduced by efficiency meas-
ures (European Commission, 2019). This goal could be 
reached by either electrification using renewable electricity 

or substitution with a renewable alternative such as fossil 
natural gas with synthetic natural gas (SNG). This action 
plans to reach net carbon neutrality by 2050 are mainly be-
ing carried out on a national basis. 

The objective of the current program of the Austrian 
Federal Government is to provide 100% of Austria's elec-
tricity supply from renewable energy sources by 2030. 
Doing so requires an increase in renewable electricity gen-
eration of 27 TWh in total (11 TWh photovoltaic, 10 TWh 
wind power, 5 TWh hydropower, and 1 TWh biomass). Re-
garding gas supply, an expansion and support program is 
planned to promote the production of renewable gas (i.e., 
biomethane, green hydrogen, and SNG based on renewable 
electricity) by 2030. The aim is to feed 5 TWh of "green gas" 
into the natural gas grid by 2030. A full decarbonization of 
the Austrian economy, aiming for carbon neutrality, should 
be reached by 2040 (Republik Österreich, 2020). Therefore, 
the Austrian natural gas demand – 87.2 TWh in 2018 (Brit-
ish Petroleum p.l.c, 2019) – must be reduced and fully sub-
stituted by renewables. 
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However, as of today only 3,000  Nm³/h biomethane 
from 15 biomethane plants is fed into the gas grid (Kom-
post & Biogas Verband Österreich, 2021). With annual full 
load hours of 8,000 h per year and a lower heating value 
(LHV) of 9.944 kWh/Nm³, this would correspond to about 
239 GWh/a. Therefore, only about 0.2% of today’s natural 
gas demand can be provided from biomethane. This ex-
ample shows that fossil energy carriers must be reduced 
drastically, while renewable ones must be used in larger 
quantities. This means that the electrification rate of the 
industrial, household, and mobility sectors should be in-
creased while simultaneously reducing dependency on 
fossil energy carriers (Schiffer & Manthiram, 2017). Fur-
thermore, renewable methane could serve as a bridge to 
the full electrification of private households. Nevertheless, 
some industries rely on carbon-containing energy carriers 
such as natural gas as part of their processes; an exam-
ple is the chemical industry (Lechtenböhmer et al., 2016). 
Therefore, it is necessary to produce renewable methane 
to fulfill the need for carbon in industrial routes or for high 
energy density demands, such as in aviation. 

This results in many studies focusing on the potential 
of bioenergy and renewable methane. Mostly on a national 
scale. (Steubing et al., 2010) conducted, that about 7 % of 
the Switzerland energy demand could be covered by bioen-
ergy. Another study, focusing on Swiss manure potentials 
stated that about 250 GJ gross biogas per year (corre-
sponding to about 69 MWh per year) could be produced re-
sulting in a GHG reduction of 159 kt of CO2,eq. (Burg et al., 
2018). A study for turkey has shown that about 2.14 billion 
Nm³ per year (corresponding to about 21 TWh per year) of 
biomethane could be produced from cattle and sheep ma-
nure till 2026 (Melikoglu & Menekse, 2020). Many similar 
studies for different other countries were conducted in the 
past years. (Wang et al., 2018) analyzed the biomethane 
potential from slaughterhouse wastes in the US. (O'Shea, 
Wall, McDonagh, et al., 2017) is one of only a few studies 
that has not focused on one source in detail, but combined 
industries, waste water treatment and power-to-gas for re-
newable methane production in Ireland. Another study of 
the same year (O'Shea, Wall, Kilgallon, et al., 2017) focused 
on the theoretical potential of biomethane from different 
biogenic sources and combined the potential study with an 
economic analysis. Another study for Ireland has focused 
on the bio-SNG potential from waste and residues. It was 
conducted that about 10.18  PJ Bio-SNG per year (corre-
sponding to about 2.8 TWh per year) could pe produced in 
Ireland (Singlitico et al., 2018).

For Austria there are several recent studies focusing on 
the renewable methane potentials. (Daniel C Rosenfeld et 
al., 2020) stated a theoretical production potential of 900 
million Nm³ per year (corresponding to about 8.9 TWh) of 
biomethane from anaerobic digestion of organic waste 
materials and also includes the potential recovery of P and 
N. (Dißauer et al., 2019) focused on renewable methane 
production of woody biomass and organic wastes via bio-
mass gasification. For the year 2050 the study has shown 
a theoretical potential of renewable methane of 10billion 
Nm³ per year (corresponding to 99 TWh per year). The 
realizable potential was calculated with 4 billion Nm³ per 

year (corresponding to 40 TWh per year). Furthermore, the 
study included a cost perspective for renewable methane 
from gasification showing specific production costs of 4.3 
to 5.5 €-cent per kWh.

As shown by this overview most studies either focus 
only on the potential or the cost analysis. If in only a few 
cases the cost perspective is combined with a potential 
analysis, the study focuses only on one technology. Fur-
thermore, studies like (Dißauer et al., 2019) and (O'Shea, 
Wall, Kilgallon, et al., 2017) have shown that currently the 
most relevant hurdles for renewable energy systems are 
their corresponding costs, which is one reason for the slow 
transition from fossil to sustainable energy. Therefore, 
studies that investigate future potentials must include cost 
structures and the economic impact of renewable energy 
systems. Furthermore, for a better understanding of the 
energy sector transition studies that evaluate the combina-
tion of different technologies to fully use the potential for 
renewable methane production are beneficial.

Within this work the technically available potentials 
for green gases from anaerobic conversion and biomass 
gasification of organic waste materials, and power-to-gas 
(H2 and SNG based on renewable electricity) for Austria, 
as well as their approximate energy production costs, and 
quantifies their economic effects on the Austrian energy 
system were analyzed. Aim of the work is therefore to pro-
vide a broad overview of potential renewable gas produc-
tion routes. Furthermore, to have a sustainable system, the 
substrates for gasification and anaerobic digestion are lim-
ited to waste streams. This allows for a sustainable and fu-
ture fit overview of renewable methane potentials till 2050.

To do so this work includes three types of analyses. 
First, a potential analysis was carried out for the methane 
production potential from anaerobic digestion and biomass 
gasification from organic waste materials, as well as pow-
er-to-gas. Subsequently, a technoeconomic analysis was 
conducted to gather information about the costs of the dif-
ferent potential types. Finally, an expansion scenario for the 
plants was created to fully exploit all potentials by 2050.

2. METHODOLOGY 
2.1 Description of the Analyzed System

This work focuses on the renewable methane genera-
tion potential of biogenic (waste) streams in Austria. For 
this analysis, data concerning the anaerobic digestion po-
tential of residual and waste materials and biomass for 
dual fluidized gasification were extracted from existing 
literature (Bundesanstalt für Agrarwirtschaft, 2016; Bun-
desministerium Nachhaltigkeit und Tourismus, 2019; FNR, 
2013; Reisinger, 2012; Universität Rostock, 2007).

Three technology pathways were investigated for the 
purpose of developing a full renewable methane genera-
tion potential. Waste streams with high moisture content 
that are well suited for anaerobic digestion should be used 
for biomethane generation. The biogenic CO2 that is sepa-
rated from the biogas as part of the gas cleaning (including 
also cleaning steps like moisture and H2S separation) to 
reach biomethane in grid quality (CH4 ≥ 96% (ÖVGW, 2011)) 
should be further processed with a power-to-gas approach. 
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In general, the separation step could be avoided by adding 
the cleaned biogas (that only includes CH4 and CO2) direct-
ly to the power-to-gas plant. However, e.g. higher volume 
flows or the operational systems linkage are potential as-
sociated problems to solve. While it is expected, that effi-
cient biomethane plants are operated with more than 8,000 
hours per year, power-to-gas plants utilizing fluctuating 
renewable electricity production typically would operate 
with only about 3,500 hours per year. Therefore, a storage 
of either the biogas or only the CO2 is necessary for optimal 
operation. Since it is desirable to have the highest possible 
baseload capacity for renewable methane, this work consid-
ers a CO2 storage instead of a biogas storage. This allows 
production of the maximum amount of renewable methane 
from organic waste. Furthermore, lignocellulosic biomass 
streams should be used for conversion to SNG, with a dual 
fluidized bed gasifier coupled with a methanation unit for 
syngas upgrading. Figure 1 shows the analyzed technolo-
gy pathways as well as their potential fields of application.

2.2 Potential Analysis
According to (Batidzirai et al., 2012), the theoretical, 

technical, economic, and sustainable potential (see Fig-

ure 2) can be differentiated. The highest potential comes 
from the theoretical potential since it includes all availa-
ble quantities without considering technical or economic 
feasibilities of exploitation (Thrän et al., 2013). The tech-
nical potential is reduced by technical constraints such as 
salvage rates and technical restrictions (Brosowski et al., 
2015). The economic potential is further decreased since it 
only includes the economically feasible potential (Umwelt-
veränderungen, 2009). In this work, the technical potential 
of biomethane production from the organic waste fraction 
and its synergy with power-to-gas technology is evaluated, 
as well as the SNG production potential from biomass gas-
ification, as described in the previous section.

An overview of the reduction factors for calculating the 
technical potential is shown in Table 1.

The technical potential (Ptechnical) is calculated by apply-
ing the ratio of technical to theoretical potential (p) to the 
theoretical potential (Ptheoretical) as described in Equation 1. 
The index n represents the substrate category that is cal-
culated.

Ptechnical,n = Ptheoretical,n * pn (1)

FIGURE 1: Renewable gas pathways (Daniel C. Rosenfeld, 2020).

FIGURE 2: Schematic overview of types of potentials (Steubing et al., 2010).
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2.2.1 Biomethane Potential
To estimate the technical biomethane yield potential, 

as a first step, all usable residue flows in Austria were 
identified. Subsequently, the theoretical biomethane yield 
potential for Austria was calculated on the basis of biom-
ethane yield factors for the different waste fractions. The 
exact values that were used in the calculation can be found 
in the supplementary materials.

The selected waste streams that were considered were 
manure, straw, waste from food production, biowaste from 
households, green cuttings, food and kitchen waste, and 
sewage sludge. Waste food in residual waste and gar-
den composting was considered as well but assumed to 
be zero for the technical potential since these categories 
cannot be gathered technically. In terms of agricultural 
facilities, it was assumed that cow, poultry, pig, and horse 
manure without straw could be gathered only during winter 
months since in summer months animals are likely held 
outside and gathering is not feasible. Furthermore, only 
agricultural facilities with more than 50 livestock animals 
were considered in this study since it is difficult to collect 
manure at sites with fewer livestock animal. In terms of 
straw, only cereal, maize, and rape straw, as well as beet 
leaves, were considered since other types of straw do not 
exist in sufficient amounts in Austria.

These waste streams are then fed to a biomethane 
plant based on anaerobic digestion. Depending on the 
waste stream, different biomethane yields can be attained 
via this biochemical process. As depicted in Table 2, sew-
age sludge has the highest biomethane production value, 

Substrate Ratio of technical to 
theoretical potential Source

Farm manurea 70% (Erler et al., 2013)

Strawb 30% (Erler et al., 2013)

Beet leavesc 20% (Erler et al., 2013)

Biowaste from 
householdsd

90% (Erler et al., 2013)

Bush, grass and tree 
cuttingse

90% (Erler et al., 2013)

Sewage sludgef 50% Own assumption

Food fats and oilsg 60% Own assumption

Garden composting h 0% Own assumption

a The share of technical potential considers storage and withdrawal loss-
es as well as livestock housing rates. In addition, only farms with more 
than 50 life stock unit (LSU) were considered.
b The share of technical potential takes into account the long-term preser-
vation of soil fertility, salvage quotas, and existing straw uses in livestock 
farming and horticulture.
c Technical potential is equal to salvage quota.
d Technical potential takes into account storage and transport losses; this 
fraction is additionally subtracted from the theoretical potential.
e For the quantities of green waste already collected today, 90% is also 
assumed for the technical potential, based on the biowaste material.
f It one assumes that about 50% of the sewage sludge from wastewater 
treatment plants with a capacity greater than a population equivalent of 
60 is available as the technical potential.
g The survey includes the quantities that are already collected today.
h It is assumed that the connection rate to the organic waste collection 
in the municipalities will increase by 2040. In the long term, home garden 
composting will therefore be merged with biogenic waste, and, by 2040, 
this biogenic waste will also gradually become usable for anaerobic 
digestion. However, the potential is still theoretical.

TABLE 1: Technical potential characteristics for biomethane from 
organic waste.

Substrate Methane production rate Biogas production rate Methane share Source

Manure

Cow dung 60 Nm³ / tDM 60 vol.-% (LFL, 2019)

Pig dung 60 Nm³ / tDM 60 vol.-% (LFL, 2019)

Pig manure 20 Nm³ / tDM 60 vol.-% (LFL, 2019)

Poultry manure 80 Nm³ / tDM 60 vol.-% (LFL, 2019)

Horse manure w/o straw 60 Nm³ / tDM 60 vol.-% (LFL, 2019)

Straw

Cereal straw 331 Nm³ / tDM 51 vol.-% (LFL, 2019)

Maize straw 331 Nm³ / tDM 51 vol.-% (LFL, 2019)

Rape straw 187 Nm³ / tDM 52 vol.-% (LFL, 2019)

Beet leaves 105 Nm³ / tDM (FNR, 2013)

Waste from food production 145 Nm³ / tDM
(Reisinger, 2012; Universi-

tät Rostock, 2007)

Other biogenic waste

Municipal garden and park waste 105 Nm³ / tDM (FNR, 2013)

Cemetery waste 105 Nm³ / tDM (FNR, 2013)

Roadside vegetation 105 Nm³ / tDM (FNR, 2013)

Kitchen and food waste 164 Nm³ / tDM (Alibardi & Cossu, 2015)

Biowaste from households 185 Nm³ / tDM (KTBL, 2008)

Bush, grass, and tree cuttings 105 Nm³ / tDM (FNR, 2013)

Sewage sludge 312 Nm³ / tDM (Kuo & Dow, 2017)

TABLE 2: Methane and biogas production rates.
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while manure has the lowest value, depending on the cat-
egory.

To calculate the biomethane potential (Pm,x), the pro-
duction rates for biomethane (prbiomethane) are applied to the 
substrate potentials (Ps,x) where x stands either for the the-
oretical or technical potential (see Equation 2).

Pm,x,n=prbiomethane,n * Ps,x,n  (2)

The production rates for biomethane are substrate de-
pending and can be calculated by combining the produc-
tion rate of biogas (prbiogas) with its biomethane content 
(xbiomethane) as shown in Equation 3.

prbiomethane,n = prbiogas,n * xbiomethane,n (3)

2.2.2 Power-to-Gas
Another potential resource available for biochemical 

methane production is CO2 from biogenic sources. This po-
tential resource can be used for a power-to-gas approach. 
Here, H2 is produced from renewable electricity via elec-
trolysis to further methanate H2 with CO2 to produce SNG. 
Therefore, this form of sector coupling is perfectly suited 
to further increasing methane yields from biogenic waste. 
To accomplish this, 2.75 kg of CO2 and 0.5 kg of H2 are 
needed for the production of 1 kg of SNG. For a more de-
tailed overview of power-to-gas technology, see (Götz et al., 
2016; Steinmüller et al., 2014).

2.2.3 Biomass Gasification
In the field of thermochemical conversion of biomass 

(gasification), residues mainly from the categories of fire-
wood, bark, sawmill byproducts, and woodchips were con-
sidered for utilization in the thermochemical gasification 
process. The theoretical potential in the categories of fire-
wood, woodchips, and bark comprises the total amount 
of biomass that grows annually in Austria (Dißauer et al., 
2019). The theoretical potential in the sawmill byproducts 
category comprises 100% of the residual biomass stream 
generated in sawmills (Dißauer et al., 2019). Recovery 
pathways for wood are very well established in Austria, as 
is shown in the current wood flow diagram (Strimitzer & 
Höher, 2020). Therefore, estimation of a feasible potential 
of available wood for biomass gasification is mainly about 
avoiding competing uses. In determining the realizable 
potential, this study is guided by the assumptions from 
(Dißauer et al., 2019): the authors assume that 50% of the 
unused increment of biomass is available for gasification 
under the assumption that the structure of wood use in 
industrial sectors will remain constant in the future. The 
reason for the 50% reduction (apart from technical restric-
tions, which would result from complete utilization of the 
renewable volume and thus already lead to a reduction) is 
the idea of sustainability and possible further competing 
uses. Especially in terms of sustainability, not using the 
entire increment is important to, for example, preserve for-
est areas as carbon sinks (Bundesforschungszentrum für 
Wald, 2013). At the same time, with expected higher lev-
els of damaged wood due to bark beetle infestation and 
weather extremes, demand for sawmill byproducts for pel-
lets is expected to increase, and demand from wood heat-

ing systems is expected to decrease. Thus, based on this 
approximate approach, a total of about 1.6 million t-atro 
(a ton of absolute dry wood) of forest biomass (firewood 
and woodchips) is realistically available for thermochem-
ical conversion. For sawmill byproducts (including bark), 
about 50% of sawmill byproducts can presumably be used 
for gasification in the future, even if this requires a redirec-
tion of wood flows. Thus, approximately 1 million t-atro of 
sawmill byproducts (including bark) is available (Dißauer 
et al., 2019).

This technoeconomic calculation did not include wood 
from short rotation coppice and miscanthus like some 
other studies, as these would require their own cropland. 
Thus, they cannot be seen as residuals and are therefore 
not within the scope of this work (Dißauer et al., 2019), 
especially because studies have found that this land use 
change is often at the expense of food or feed production 
(Xie et al., 2019). Therefore, these categories were not fur-
ther investigated beyond their potential.

2.3 Technoeconomic Analysis
To categorize the different potentials in a theoretical 

merit order (see Section 12), a technoeconomic analysis 
was performed to calculate of the levelized costs of energy 
(LCOE). This analysis is based on the annuity method and 
applied as described by (Böhm et al., 2020).

2.3.1 Investment Costs
As a first step, the investment-based annuity was calcu-

lated. This was done using the values for capital expendi-
tures (CAPEX) for different years on base-scale plants as 
listed in Table 3.

Additionally, the assessment considers increasing pro-
cess efficiencies for the different observation periods as 
stated in Table 3. The efficiency of the methanation pro-
cess is kept constant, presuming a complete conversion. 
However, based on the expected role of power-to-gas in 
the future energy system a CAPEX decrease was given 
by (Böhm et al., 2020). This cost reduction also applies to 
water electrolysis, as the key technology for all power-to-x 
applications.

For biomass gasification, the CAPEX reduction poten-
tial is expected to be much lower in comparison to the 
power-to-gas systems. This results from its availability on 
industrial scale. Since there are already realized projects as 
for example Senden in the Netherlands (Kern et al., 2013), 
GoBiGas in Gothenburg, Sweden (Thunman et al., 2018) or 
Güssing in Austria (Hofbauer et al., 2002), it is expected 
that additional CAPEX decrease from scaling is not as high 
as with the comparatively new power-to-gas technology. 

For fixed plant scales (size), the investment cost part I0 
of the LCOE is calculate from specific CAPEX according to 
Equation 4 (Kotowicz et al., 2018). 

I0 = CAPEX * size (4)

However, this calculation only describes the invest-
ment costs for the plant at reference scale (e.g. in terms 
of biomass gasification in this paper 25 MW). For differing 
scales the investment costs for the new scale can be cal-
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culated using scaling factors as described in Equation 5 
(Swanson et al., 2010).

      (5)

Within this equation, the scaling factor xf is 0.86 
(Günther, 2014). Further factors influencing the invest-
ment costs are the building, and engineering costs, that 
are investment costs specific. These overhead costs are 
assumed to be 20% of I0 for buildings, and 15% of I0 for 
engineering (DACE Price Booklet, 2017) and are added on 
top of the investment costs. The resulting total investment 
costs are further referred to as I.

The capital-related annuity AC is calculated as follows 
(Becker, 2013):

AC = I * a

and

where n describes the years of operation and i the interest 
rate. The interest rate used is 5% (Steinmüller et al., 2014).

2.3.2 Operational Costs
The operational costs (OPEX) are split into the opera-

tion-related annuity AO and the variable costs Cvar. The op-

eration-related annuity AO includes operation, maintenance, 
tax, etc. This factor is included with the OPEXpl values from 
Table 3 and calculated as following:

AO = Ac * OPEXpl  (6)

The variable costs Cvar include demand related costs like 
electricity, biomass, and water costs, as shown in Table 4.

Substrate cost characteristics as input factors for the 
analysis are averaged based on the substrates in Table 2 
and data from three disposal companies operating in Aus-
tria, whereas revenues from the disposal of organic wastes 
depend on the type of biowaste e.g., the disposal fee for or-
ganic household waste is approximately 55 €/tFM (Lindor-
fer & Schwarz, 2013). Substrates that contribute to the cost 
side are all categories for gasification as well as agricultur-
al feedstocks like manure and straw for anaerobic diges-
tion especially for transport expenses, while waste from 
food production and other organic wastes can be counted 
as revenues based on their representative disposal fee.

For agricultural residues, the energy density and specif-
ic methane yield determine the substrate costs e.g., sub-
strate cost of approximately 90 €/tFM for straw, 35 €/t for 
grass silage; (Thrän et al., 2013).

2.3.3 Levelized Cost of Energy
To determine the levelized costs of the product, all 

Biomass gasification Polymer electrolyte mem-
brane (PEM) electrolyzer Methanation Anaerobic digester & gas 

upgrading

Base scale MW 25 10 5 1–8

CAPEX 2020 €/kW 2,400a 1,100c 600c Ø 2,900i

CAPEX 2030 €/kW 2,200a 630c 530c Ø 2,300i

CAPEX 2050 €/kW 1,900a 270c 340c Ø 2,000i

Efficiency 2020 %LHV 69b 61e 83c 40–60h

Efficiency 2030 %LHV 69b 63e 83c 40–60h

Efficiency 2050 %LHV 69b 68e 83c 40–60h

Lifetime years 20a 20e 15 15

OPEXpl 
d % 1.5a 3–5f 5h 3

a Values and assumptions were made according to the data of (Müller, 2013). 
b Values for biomass gasification coupled with catalytic methanation according to the data of  (Dißauer et al., 2019).
c Based on scaling effects given by (Böhm et al., 2020) for PEM electrolysis and catalytic methanation
d Operational expenditures (OPEX) for operation, maintenance, taxes, etc. in percentage of investment costs
e Based on (Smolinka et al., 2018)
f Based on (Buttler & Spliethoff, 2018)
g Based on (Gorre et al., 2019)
h Based on (TNO, 2021) and (Boldrin et al., 2016)
i Based on (Birol, 2020; Kampman et al., 2020; Skovsgaard & Jacobsen, 2017; Vienna University of Technology, 2012)

TABLE 3: Data for investment cost modelling of the main components.

 

 

2020 2030 2050 Source

Electricity €/MWhel 50 70 80 (Marktstudie zur Strompreisentwicklung 2016 - 2050, 2016)

Water €/m³ 1.15 averaged water charges in the nine provincial capitals in Austria 
based on data from January 2018

Woodchips, firewood €/MWhth 36 42 47

(Landwirtschaftskammer Österreich, 2020)Bark €/MWhth 27 32 35

Sawmill byproduct €/MWhth 28 33 37

TABLE 4: Material costs for the investigated years.
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costs and revenues are related to the energy output of the 
process. According to VDI 2067 the total annuity A is cal-
culated as follows:

A = AP - (AC + AD + AO + AM) (7)

Since the proceeds from by-product sales are treated 
together with the demand-related costs as actual annual 
costs in Cvar (instead of attributing discount rate and price 
changes), the annuities of proceeds AP and demands AD 
can be omitted in Equation 7. Same accounts for the annu-
ity of additional costs AM representing the overhead costs 
for buildings and engineering, which are already included in 
AC. Thus, Equation 7 is simplified to:

A = AC + AO    (8)

With the annuity and demand related variable costs, 
one can calculate the LCOE as described in Equation 9, 
with PSNG,n as the annual methane production (Böhm et al., 
2020; Parra et al., 2017).

      (9)

2.4 Theoretical Merit Order
In the energy economy, a theoretical merit order is 

a statistical tool to rank energy potentials from differ-
ent sources by their costs. It is most commonly used in 
the electricity market to determine which power stations 
should run at what time to fulfill electricity demand with 
the lowest overall generation costs. The overall result is a 
ranking of technologies and resources by their potential 
and price, starting with the least expensive and ending with 
the most expensive (Cludius et al., 2014; Luňáčková et al., 
2017; Sensfuß et al., 2008). Therefore, it is a popular meth-
od in many papers that focus on potential, costs, or both in 
terms of energy generation.

In this paper, a theoretical merit order is used to com-
pare the costs of the potentials for biomass gasification, 
anaerobic digestion, and power-to-gas. This merit order 

should allow for the quantification of which potential 
should be used first to meet demands.

3. RESULTS AND DISCUSSION
As part of this work, the described system was analyz-

ed with a potential analysis and technoeconomic analysis 
approach. This permits us to describe the potential of re-
newable gas production from organic waste and biomass 
in a technology-coupled approach.

3.1 Anaerobic Digestion
For 2020 the theoretical potential from all residue flows 

in Austria results in 1,582 Mio. Nm³ biomethane from anaer-
obic digestion per year. This value is reduced to 1,533 Mio. 
Nm³ biomethane per year till 2050 due to the reduction 
of agricultural waste streams that current developments 
show. However, these values only represent the theoretical 
potential. More interesting is the technical potential, since 
it shows the potential cap of gatherable biomethane with 
available technologies. 

This process can produce about 650 million Nm³ of 
biomethane per year in 2020, a value that will decrease 
slightly by 2050 to about 600 million Nm³ of biomethane. 
Most of it can be produced from agricultural residue and 
waste from food production. Furthermore, the calcula-
tions revealed that up to 450 million Nm³ CO2 from biogas 
cleaning would be available for SNG production via power-
to-gas. More detailed information on the calculations for 
the potential categories is provided in the supplementary 
material.

To develop this potential, facilities for this purpose must 
be constructed. Figure 3 illustrates a possible expansion 
scenario to tap into the full potential by 2050. In the begin-
ning, many small biomethane plants will be expanded and 
will later be partially replaced by or upgraded into plants 
with much higher production volumes. In total, 259 plants 
will need to operate in 2050 to fully exploit the potential. 

 

FIGURE 3: Expansion scenario for biomethane plants between 2020 and 2050.
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However, the technical potential only includes current 
technical possibilities in gathering waste and not future 
developments. In the case of cuttings from bushes, grass, 
and trees and biowaste from households, future technol-
ogies will likely not substantially increase salvage rates. 
This differs for categories such as garden composting and 
straw. In terms of garden composting, the value of 0% of 
technical potential on the theoretical one will likely not in-
crease, but regulative changes may move this category to 
biowaste from households, which already has a high tech-
nical potential. The idea is that people will stop composting 
waste privately and start to treat this waste like biowaste 
from households and therefore “activate” this category for 
anaerobic digestion. For straw, a higher gathering rate from 
fields may be possible with better developed tools for ag-
riculture. 

In the first stage of expansion (from today through 2030), 
new plants for the utilization of biogenic waste from the food 
industry, biowaste, food waste in residual waste, and sew-
age sludge will contribute to increasing resource efficiency. 
This prioritization was used since these categories are eas-
ily fermentable, more liquid biogenic residues in which they 
are easier for energetically utilization via anaerobic decom-
position. Under this assumption, around 226 million Nm³/a 
of the technical methane potential can be realized in 2030. 
This corresponds to around 37% of the total potential.

In the second expansion stage (2030–2050), biogas 
will be produced from the more difficult-to-use residues 
from animal and plant production, and more synthetic 
methane will be produced. Further potentials, such as use 
of biogenic material from home garden composting, re-
quire a more in-depth system conversion and expansion of 
existing residue logistics and could therefore be realized 
from 2030 to 2050 at the earliest.

However, there are technical issues with this form of 
renewable energy, in addition to activating waste streams 
to increase the technical potential and the expansion of 
plants. The costs are another point that should be evalu-
ated. As demonstrated in Figure 4, the costs for produc-

ing biomethane from organic waste are highly dependent 
on the plant size. With about 9 €-cent/kWh in 2020, small 
plants with a capacity of 50 to 200 Nm³/h are more cost 
intensive in comparison to high-efficiency reactors with a 
200 to 500 Nm³/h capacity (~7 €-cent/kWh in 2020) and 
integrated multifeedstock plants with a capacity of 500 to 
1,000 Nm³/h (~6 €-cent/kWh in 2020). The major share of 
the costs comes from building the biogas plant itself (62% 
to 64%). Another major cost component is the CH4 pro-
cessing that is necessary for feeding into the gas grid (25% 
to 27%), while substrate input has no significant influence 
on the cost. These costs are expected to decrease to 5 to 
6 €-cent/kWh by 2050.

These costs as shown in Figure 4 are in a good range 
compared to other studies. (Nelissen et al., 2020) analyz-
ed many studies that focused on anaerobic digestion and 
gasification of biomass. Within the study it was shown 
that LCOE for anaerobic digestion are in a range of 5.7 and 
14.1 €-cent per kWh. This range is due to the wide variety 
of substrates and plant technologies (pretreatment, fer-
mentation and upgrading) taken into account. The values 
are comparable with other analyses for central Europe e.g. 
(Kost et al., 2018)5.4 - 6.9 or (European Commission, 2020) 
4.1 - 8.0 €-cent per kWh recalculated from Levelized cost of 
electricity production.

Another issue is that the utilization of biogenic waste 
in anaerobic digestion plants can only be successfully es-
tablished in the future if nutrient cycles are successfully 
closed at the same time. Anaerobic digestion is followed 
by composting of the digestate, and the resulting compost 
and the nutrients it contains are preserved for agriculture, 
horticulture, or private gardens. The liquid digestate can be 
used directly in agriculture. This could further increase the 
rentability of such plants, while also solving the issue of en-
ergy-intensive and resource-depleting fertilizer production.

3.2 Power-to-Gas
The CO2 from biogas cleaning (see Section 3.1) is a suit-

able source for power-to-X applications (Götz et al., 2016; 

FIGURE 4: Costs for biomethane production via anaerobic digestion in 2020.
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Rodin et al., 2020). Up to 330 million Nm³ SNG per year may 
be produced by using the technically available CO2 from the 
biogas upgrading process. To provide sufficient H2 for the 
methanation reaction, about 160 million Nm³ H2 per year 
would be necessary, which correlates to about 9 GWh of 
electricity demand per year for the electrolyzer unit.

As illustrated in Figure 5, to provide sufficient hydrogen 
for methanation, 178 plants, mainly small plants in the size 
of 0.5 to 1 MW, must be built. This number must increase 
to 870 by 2050. Since the number of power-to-gas plants 
is much higher than the number of biomethane plants, a 
decentralized approach is possible. All values are based on 
an average operation time of 3,500  hours per year since 
this value would allow for cost-effective operation and fluc-
tuations of the electricity grid could be used to produce hy-
drogen at peak times (Gorre et al., 2019). 

In terms of specific costs, due to economies of scale 
and learning curve effects, significant cost reduction po-
tentials likely exist for plant-specific investment costs. 
The CAPEX values in Section 2.3 illustrate this point. 

Therefore, the investment costs of the LCOE for the pro-
duction of SNG via power-to-gas shrink over time (see 
Figure 6). In addition, the operational costs in Figure 6 de-
crease over time since this category is mainly influenced 
by investment costs related to operational costs such as 
insurance, maintenance, and administration. For electric-
ity-related costs (electricity costs and grid fees), the cost 
reduction is not as high as for investment-related costs. 
This effect stems from the fact that the overall electricity 
price is expected to rise by 2050 (enervis energy advisor 
GmbH, 2016). However, since the plant is expected to 
be operated at peak load hours (about 3,500 h/a), when 
electricity-related costs are low, a small reduction effect 
for electricity-related costs was investigated. In total, for 
SNG, costs are expected to decline from 29.3 €-cent per 
kWh in 2020 to 10.9 €-cent per kWh by 2050 (see Figure 
6). However, under consideration of potential revenues 
from selling byproduct oxygen and heat, effective produc-
tion costs could be reduced to 24.8 and 6.5 €-cent/kWh, 
respectively.

FIGURE 6: Synthetic natural gas generation costs for electrolyzers with 10–50 MWel.

FIGURE 5: Expansion Scenario for Power-to-Gas Plants by 2050.
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These cost ranges are comparable to the results gained 
by previous studies on power-to-gas production costs. 
(Gorre et al., 2020) calculated SNG production costs of 
4.7 to 21 €-cent/kWh by optimizing hydrogen storage and 
methanation capacities. The costs evaluated by (Böhm 
et al., 2020) suggest that hydrogen could be produced at 
about 5 €-cent/kWh in 2050, presuming electricity costs 
similar to today. However, due to the strong dependencies 
of the power-to-gas process on external conditions, such 
as electricity costs, mode of operation, storage capacities, 
etc. as shown by (Gorre et al., 2019) a direct comparison of 
different applications is hardly possible.

The long-term use of existing gas infrastructure will 
depend heavily on the degree of integration of renewable 
gases. Thus, overall climate and energy policy objectives 
will also be supported by the existing gas infrastructure, 
which could ensure the long-term use of this infrastruc-
ture. As a consequence, enormous investments that have 
not yet been depreciated can still be realized, and massive 
opportunity costs or investments are not necessary; such 
investments would have a significant negative impact on 

the national economy, with the exception of an interim in-
vestment impulse in alternative strategies. "Greening the 
gas" through hydrogen and synthetic methane from renew-
able energy sources as well as through biomethane from 
biogenic residues is thus a main component of the need for 
the sustainable further development of the energy system 
(Tichler & Zauner, 2018). 

3.3 Biomass Gasification
In the course of the assessment of the potential for 

the production of green methane via the thermochemical 
conversion of biomass with a high lignin content, much 
higher technical potentials were identified than for biome-
thane production. As seen in Figure 7, the potential in 2030 
amounts to about 3,300 million Nm³ per year and increases 
to just under 4,000 million Nm³ per year by 2050. 

To exploit the full biomass gasification potential, 163 
plants must be commissioned by 2050 (see Figure 8). The 
majority of these are plants should have a capacity of 35 
MW. The other plants can be operated with up to 100 MW 
and will, despite their smaller numbers, produce the major-
ity of bio SNG from biomass by 2050.

FIGURE 8: Expansion scenario for biomass gasification plants between 2020 and 2050.

FIGURE 7: Potential for green methane from biomass gasification between 2030 and 2050.
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As shown within this section, the power-to-gas plants 
outnumber the gasification and biomethane plants. The 
reason for the outnumbering of the power-to-gas plants in 
comparison to the gasification or biomethane plants orig-
inate from the different plant capacities. While the investi-
gated gasification system is defined with a scaling of up to 
100 MW based on the complex feedstock handling and gas 
cleaning, the investigated power-to-gas plants only reach 
up to a maximum of 10 MW per plant. Therefore, one pow-
er-to-gas plant can methanate the CO2 from more than one 
biomethane plant (that can reach up to 1 MW within the 
investigated scope) but only a small percentage of the CO2 
from the 35 MW and 100 MW gasification plants. 

To minimize transport costs and losses, a decentral-
ized approach would be favorable, were several power-
to-gas, biomethane and gasification plants are connected 
within a short geographical radius. 

From the cost perspective, the 100 MW scale plant was 
specifically investigated. The results suggest that invest-
ment costs should decrease from 4.1 €-cent/kWh in 2020 
to 3.2 €-cent/kWh by 2050 (see Table 5). Furthermore, the 
operation, maintenance, and other costs will decrease 
from 0.8 €-cent/kWh in 2050 to 0.7 €-cent/kWh by 2050. 
However, the most significant cost factor is the fuel price. 
Woodchips are particularly expensive, with a cost increase 
from 5.2 €-cent/kWh in 2050 to 6.8 €-cent/kWh by 2050. 
Bark (3.9 €-cent/kWh in 2020 and 5.1 €-cent/kWh in 2050), 
as well as sawmill byproducts (4.1 €-cent/kWh in 2020 and 
5.4  €-cent/kWh in 2050), have increasing prices as well. 
Nevertheless, both bark and sawmill byproducts are less 
expensive than woodchips.

The costs are in a good range to other studies accord-
ing to a review by (Nelissen et al., 2020). Within the study, 
LCOE for methane from gasification was given in a range 
of 6.9 and 17.71 €-cent per kWh for current technologies. 
This large range comes from the different plant sizes, that 
reaches up to 150  MW within the analyzed studies, and 
the different substrates. For future costs only one study is 
mentioned within the review. This study by (van Melle et 
al., 2018) shows LCOE of 3.7 €-cent per kWh for a about 50 
MW plant. However, this low costs mainly occur from the 
used assumptions for the fuels. The fuels are mainly low-
cost biomass including some substrate categories that in 
this study are used for anaerobic digestion. Furthermore, 
the costs for the fuels are assumed much lower in com-
parison to the values in this work. Within (van Melle et al., 
2018) the fuel costs are not in detail mentioned experts 
assumption. Beside this methodological difference, geo-

graphical factors etc. further have a large influence on the 
biomass prices. According to (Kraussler et al., 2018), the 
plant size on the other hand does not have a large cost re-
ducing factor above 40 MW.

3.4 Merit Order
In total, up to 60 TWh of green gas can be produced 

from these three categories of potential as technical po-
tential. Within the technoeconomic analysis, the costs of 
such an expansion of green gases were considered. Figure 
9 shows the time course of production costs between 2030 
and 2050; these include not only investment costs but also 
operating costs. For the three categories of biomass gasifi-
cation (only the fuels, not the plants, being changed), costs 
remain relatively constant, ranging from 9.0 to 10.7 €-cent/
kWh depending on the fuel and year. For SNG from power-
to-gas, production costs will presumably decrease from an 
initial 10.8 €-cent/kWh in 2030 to 6.5 €-cent/kWh by 2050. 
For anaerobic digestion, the average production costs will 
likely decrease from 7.9 to 5.4 €-cent/kWh between 2030 
and 2050.

Based on the production costs and potentials, forming 
a theoretical merit order curve was possible, as described 
in section  0. Figure 10 shows an example for 2030. The 
figure demonstrates that the biomethane potential from 
anaerobic digestion should be used first, followed by bi-
omass gasification and power-to-gas. However, methane 
from power-to-gas is becoming increasingly important and 
will have similar production costs in 2050 as biomethane 
from anaerobic conversion. 

In terms of investment costs, with the calculated costs 
and expansion scenarios for developing 17 TWh of biome-
thane from anaerobic fermentation, €3.3 billion would have 
to be invested by 2050. To develop the 52 TWh and 62 TWh 
gasification plants, €2.4 billion and €5.7 billion, respective-
ly, would have to be invested by 2050. 

Overall, the prime costs for green gas are higher than 
the average prices of natural gas (reference year 2019) for 
households (5 €-cent/kWh) and for industry (2.5 €-cent/
kWh; (eurostat, 2020). As a result, the promotion of green 
gas leads to additional costs for utilities.

4. CONCLUSIONS AND OUTLOOK
Natural gas is an energy source that currently plays an 

important role in many areas. Especially in some applica-
tions, it is costly or technologically complex to replace due 
to its technical and economic properties. Therefore, many 
actors are making an effort to replace the current fossil 
energy carriers of natural gas with gas from renewable 
sources. At the same time, assumptions differ regarding 
the domestic supply of renewable gases that will be avail-
able for these applications. The availability of renewable 
gas was determined in an Austrian case study based on 
the technical quantities of methane that can be produced 
from biogenic residues. The feasible quantities were esti-
mated for 2040 with the assumption that value chains for 
the use of biogenic residues can be redesigned by then to 
maximize availabilities.

The potential analysis demonstrated a high potential 

In €-cent per kWh SNG 2020 2030 2050

Investment costs 4.1 3.8 3.2

Operation, maintenance, and other fuel 0.8 0.8 0.7

   Woodchips 5.2 6.1 6.8

   Bark 3.9 4.6 5.1

   Sawmill byproducts 4.1 4.8 5.4

TABLE 5: Specific costs for the production of 1 kWh of synthet-
ic natural gas with biomass gasification for woodchips, bark, and 
sawmill byproducts as fuel – 100 MW plant.
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for renewable methane, with a production capacity of more 
than 50 TWh in 2030 increasing to more than 60 TWh in 
2050 throughout all biogenic residue categories, synthet-
ic renewable gas potentials, and conversion technologies. 
This could technically meet the Austrian natural gas de-
mand by more than 50%. For the potential categories, the 
analysis outlined that biomass gasification of firewood 
and woodchips (e.g., from storm-damaged timber) and an-
aerobic digestion of the various streams provide the two 
largest quantitative contributions to the overall potential, 
while SNG from power-to-gas utilizing CO2 from anerobic 
digestion contributes the smallest amount. To increase the 
potential, future research and legislative actions need to 
focus on increasing the accessibility of the technical po-
tential. Especially from an ecological point of view, the ad-
dressed residues (e.g., from wood) can play an important 
role as a primary raw material, and their use could reduce 
fossil energy and greenhouse gas emissions in many sec-

tors such as the paper and pulp industry or construction. 
Competing uses are to be predicted and, at any rate, pre-
vented when a technical potential is realized.

However, even though renewable methane has a large 
energy potential, another point that must be critically re-
viewed is economic performance. From a technoeconomic 
perspective, the results revealed that the two categories 
with the highest potential are on the opposite ends of the 
merit order. While anerobic digestion was expected to be 
the least cost-intensive renewable methane source of the 
study with about 7.9 €-cent per kWh, biomass gasification 
of firewood and woodchips has one of the highest costs 
of 10.7 €-cent per kWh. However, even anaerobic digestion 
resulted in much higher costs compared with the current 
industrial and household price for natural gas. Therefore, 
future work should focus on utilizing most byproducts of 
the various technologies to increase side revenues, which 
then should make the technologies more cost effective. 

FIGURE 10: Theoretical merit order curve of the potential for 2030.

FIGURE 9: Timeline of the production costs for green gases.
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Furthermore, the framework conditions should change in 
an attempt to eliminate the cost difference between renew-
able and fossil energy carriers.
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Introduction
The knowledge that microplastics (defined as plastics 

smaller than 5mm in size), a pollutant of emerging concern, 
can pose significant challenges to the ecosystem and hu-
man health due to its ubiquitous and persistent nature, 
calls for urgent measures for its control. Identifying the 
sources of pollutants and the extent of their contribution 
is one of the first steps in their management. However, 
the source apportionment is extremely challenging in mi-
croplastic pollution, due to diverse use of a single type of 
polymer, multiple manufacturing techniques, use of differ-
ent additives in the same type of polymer by different in-
dustries, etc. (Kumar and Varghese 2021b). Use of robust 
environmental forensic techniques and protocols, both at 
the sampling and analysis stages can address this chal-
lenge to a great extent.

Gwinnett et. al (2021), in an earlier edition of this column 
had explained the different sampling methods adopted for 
microplastics with emphasis on the special considerations 
required when sampling is carried out for forensic pur-
poses. Just as sampling for forensic purposes demands 
certain procedures to be followed, so does its subsequent 
analysis. Once the microplastic is sampled and brought to 
the laboratory, it goes through distinct phases of analysis, 
namely, drying of the samples (if the sample is wet), sep-
arating the microplastics from the matrix, classification, 
microscopic observations, polymer identification and in-
terpretations regarding the sources. Brief explanations of 
these phases are given below for the analysis of microplas-
tics from sand/sediment.

Drying of samples
When extracting microplastics from soil/sand/sed-

iment samples, these matrices regularly have high mois-
ture content and thus drying prior to microplastic separa-
tion is required.  Drying is also required for preserving the 
samples for future analysis. Depending on how wet the 
sample is, the duration of drying can vary. For moderate-
ly wet beach sediment samples, 6 hrs drying at 60oC was 
found to be suitable (Kumar and Varghese 2021a).  When 

the purpose of the analysis is to know the abundance of 
microplastics or its impact on the ecosystem, keeping the 
physical properties of the microplastic intact may not be 
important. However, when the sampling is for forensic 
application, this is not the case. Heating at higher temper-
atures is found to disfigure and change the colour of mi-
croplastic, resulting in the loss of characteristics which are 
vital for forensic examination.

Separating microplastics from the sand matrix
There are different techniques followed for separation 

of microplastics, based on the objective and the type of en-
vironmental matrix (Figure 1). The most commonly used 
separation technique is density separation explained in the 
manual by NOAA (Masura et al., 2015). A major problem 
with this method is the possibility to leave out the denser 
plastics, and also those with biofilms present on the sur-
face. Missing a particular type of microplastic from the 
chain of analyses can prove costly, especially when the 
analyses are for forensic applications. Sieving and separat-
ing the microplastics (Hidalgo-Ruz et al. 2012) is reported 
to be useful in overcoming this problem when the matrix is 
fine beach sediments and the microplastics targeted are 
more than 1 mm in size  (Kumar and Varghese, 2021a). Al-
though the method is cumbersome, involving manual sort-
ing of microplastics, it was seen to give good results for 
forensic applications. If the focus of study is microplastics 
below 1mm in size which are difficult to be handpicked, 
density separation followed by filtration of the supernatant 
and observation under a microscope is a possible tech-
nique (Windsor et al. 2019; Urban-Malinga et al. 2020). Mi-
croplastics may be freshly formed from the fragmentation 
of accumulated macro plastics, rather than transported to 
the sampling location as microplastics. Therefore, plastics 
above 5mm, though not considered as microplastic, should 
be preserved after separating it out from the matrix as they 
could be of use in identifying the source if a matching 
part is retrieved from the samples (Ashwini and Varghese, 
2020).
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allows greater differentiation between samples and aids in 
source identification.

Observing degradation patterns of microplastics under 
an optical microscope can provide a basic idea on the res-
ident time of microplastics in the environment (Kumar and 
Varghese, 2021a). Such observation will help in answering 
the questions if the microplastics are recently formed or 
are quite old. Sharp edges of a fragment indicate freshly 
formed microplastic when compared to a microplastic with 
blunt edges. Also, crack formation, loss of material from 
the surface, etc. are indications of longer residence time in 
the environment (Figure 2).

Polymer identification
One of the important steps in microplastic analysis is 

the identification of the polymer type. The most common 
polymer types noticed are polyethylene (PE), polypropyl-
ene (PP), polystyrene (PS), and polyethylene terephtha-
late (PET), the polymers of common commodity plastics 
used for packing, containers, carry bags, fishing nets, etc. 
Some plastics may have a combination of polymers like 
polyethylene and polypropylene. Fourier Transform Infra-
red Spectroscopy (FTIR) is the most widely used technique 
for polymer identification (Figure 3). Micro-Fourier trans-
form infrared (μFTIR) microscopy, which is also an FTIR 
technique, uses a microscope to analyse smaller samples, 
some set-ups also automatically detect and count the mi-
croplastics of different polymer types (Li et al., 2021). A 
particle finder software identifies particles which is fol-
lowed by the generation of IR spectra of all the identified 
particles. This method is suitable for smaller microplastics 
that do not cover the diamond aperture of the FTIR with At-
tenuated Total Reflection (ATR) mode in the sample hold-
er. Not covering the diamond aperture in the instrument 
results in obtaining an IR spectrum with high background 
noise. Once the spectrum of the polymer is obtained, pol-
ymer spectral libraries can be used to match and identify 
the polymer analyzed. Other popular methods for polymer 
identification include Raman spectroscopy (Frère et al, 
2016) and pyrolysis-gas chromatography with and without 
mass spectrometry (Jung et al, 2021).

Classification
After separating the microplastics from the environ-

mental matrix, it is classified under various morpholog-
ical categories to draw useful conclusions regarding its 
source, fate and effects. A frequently used classification 
scheme classifies microplastics into fragments, film and 
fibre (Karbalaei et al. 2019). However, this scheme of clas-
sification does not differentiate the regular 3D shaped frag-
ments from the irregular. Regular shapes for microplastics, 
like spherical, cylindrical, etc., are indicative of specific 
sources and cannot be missed when the purpose of anal-
ysis is source apportionment. Moreover, studies have also 
shown that there is a significant effect for the shape on 
the transport of microplastics in the environment (Jahnke 
et al., 2017; Harrison et al., 2018). Hence, there needs to 
be a classification scheme which distinguishes the regular 
shaped 3D microplastics from the irregular shaped ones. 
Another criteria for classification can be the colour. Classi-
fying microplastics based on colour may lead to sources in 
some cases.Kumar and Varghese (2021a) were able to use 
colour among other characteristics to identify the source 
of the polyethylene fibres sampled from the Calicut beach 
as fishing nets.

Microscopic observations
Microscopical observations of microplastics may en-

compass the morphological and optical properties of the 
samples.  Many microplastic studies limit their observa-
tions to colour, size and classification of the sample set as 
a whole rather than fully characterizing each microplastic 
as seen in forensic examinations (Gwinnett et al., 2021).  
Much can be learnt from forensic fibre analysis, where pol-
ymer fibres are examined for their colour, width, cross-sec-
tional shape, presence of inclusions and optical properties 
such as its birefringence and sign of elongation (Robertson 
et al., 2018). The latter can also provide an initial polymer 
identification (Johri and Jatar, 1979). Gwinnett et al. (2021) 
have proposed a new workflow for the recovery and analy-
sis of microplastics, particularly fibres for plastic pollution 
monitoring using forensic approaches. This new workflow 
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FIGURE 1: Microplastics separated out from Beypore beach, Kerala, India.
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Procedural Contamination Prevention
It is standard practice in forensic examinations to in-

clude strict anti-contamination protocols when handling 
small particulates. This is also true for microplastic anal-
ysis although many studies still only report crude or lim-
ited procedures far less comprehensive than those that 
would be used in criminal investigations. The potential 
for contamination of samples is high though, therefore 
protocols which limit exposure of the sample to the air 
and sources of plastic should be incorporated in all of the 

stages described above. Prata et al. (2021) describe the 
protocols that should be in place during the analysis stag-
es of microplastic studies, these include; comprehensive 
washing of equipment before and between samples, con-
trolled air flow in the laboratory and wearing of non-syn-
thetic clothing during analysis. Protocols adapted from 
those used for the forensic examination of fibres, such as 
those developed by Woodall et al. (2015), are likely to be 
the most effective as they must stand up to the scrutiny 
of the courts.

III

FIGURE 2: a) Low residence time plastic pellet, b) Higher residence time plastic pellet.

FIGURE 3: Example of  FTIR spectra of suspected source and sample.



Environmental Forensics / DETRITUS / Volume 16 - 2021 / pages I-IV

Interpreting source
This is the phase in forensic analysis, where the infor-

mation generated in the previous phases are used to identi-
fy the possible sources and pathways of the microplastics 
sampled from the site. Along with analysis data, informa-
tion collected during sampling such as geographical fea-
tures, proximity of harbor, influence of river, type of beach 
activities, etc. (Lippiatt et al.,2013) are also used to identify 
the source. Kumar and Varghese (2020) have proposed a 
forensic framework for the source apportionment of mi-
croplastic in beach sediments that utilizes the information 
collected during the sampling and the data generated in 
the various stages of analyses. The framework was used 
to reach different levels of conclusion regarding the source 
of microplastics; in some cases it was possible to identify 
the exact source, whereas in other cases only the pathway 
through which the microplastic reached the marine envi-
ronment could be identified.

Concluding Remarks
Environmental forensic investigations leading to the 

identification of the source of contamination requires ro-
bust protocols starting from the sampling stage to the 
analysis stage. Based on the information acquired during 
sampling and analyses, different degrees of confirmation 
about the source of microplastics are possible. Though the 
scientific literature is scarce on the analysis of microplas-
tics for environmental forensic applications, the current 
understanding is that analyses for forensic applications 
demand special considerations such as those mentioned 
above. More studies are needed and the ultimate aim of 
such studies should be the development of a comprehen-
sive forensic analysis protocol for microplastics.
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FABRICE MONTEIRO AND DOULSY JAH GAL / The Prophecy #1, 
2013 (© VG Bild-Kunst, Bonn 2021).

Fabrice Monteiro was born in 1972 in Belgium and 
lives in Dakar, Sengal; he has a Benin  father and a Belgium 
mother. Doulsy Jah Gal, is a young African stylist and fash-
ion designer of Senegalese origin born in the 1980s and 
lives in Dakar.

 “We live in this hyper-consumerist system where profit 
comes first, and the links to our origins and the ancestral 
source of life is slowly being dissipated. While making this 
work, I tried to rebuild and strengthen that link” – Fabrice 
Monteiro.

This quote says a lot about the artist and helps under-
standing his art work. He also notes that the indigenous 
people he met in Australia and Texas “are the ones who are 
truly grounded and respectful of nature.” He hopes that his 
work connects art with culture and politics and “a sense 
of awareness and collective ethical concern will be ignited”.

When I first this photo I was quite excited, this photo 
cast a spell over me, it got my immediate attention. There 
is a magic in this picture.

 We often talk at conferences about the disastrous sit-
uation of open dumps in Africa with people on site search-
ing for goods, that can be sold.  Scavengers are exposed 
to dust, toxic gases and fumes, and come in contact with 

hazardous waste, syringes, broken glass etc. In addition, 
unwritten hierarchies among the scavengers on the dump 
often cause conflicts.  Since decades the problematic of 
open dumps and scavengers is well known but not much 
has happened. 

Complete remediation of dumps is technically demand-
ing and costly. As immediate actions the main emissions 
gas and leachate should be captured and treated. Scav-
engers should not be any longer present in the unhealthy 
atmosphere of the waste dump, and should work on a con-
trolled site to recover reusable materials from the incoming 
waste before it is dumped. By these means they may still 
make their living from recovered materials but in a healthi-
er more organized way. But I get lost in details.

Now coming back to the photo or better to the photo in-
stallation of the two artists: the oversized magic and mys-
tical woman beautifully dressed in colorful plastic waste 
pieces on a dump. The dress merges with the plastic on the 
surface of the dump and shows the beauty and value of the 
discarded plastic as a symbol for other dumped reusable 
waste components. The woman seems to “grow” out of the 
dump, as being a part of it, bringing displaced plastic to the 
surface. It shows the beauty and the ugly; on one side the 
abundance of plastic production but also – looking at the 
mystical woman – the potential for plastic recovery. The 
woman moves upright and self-confident to the edge of the 
dump …

DETRITUS & ART / A personal point of view on Environment and Art 
by Rainer Stegmann

Artists seldom provide an interpretation of their own work; they leave this to the observer. Each of us will have his/her own 
individual view of a specific piece of art, seeing different contents and experiencing a range of own feelings and emotions. 
Bearing this in mind, I created this page where you will find regularly selected masterpieces from different epochs and 
I express my thoughts on what the work conveys to me personally. My interpretation will refer specifically to the theme 
“Environment”. Any comments or suggestions regarding this column should be addressed to stegmann@tuhh.de.
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HANI TABSHARANI / The Bride of Beirut (2020).

In the background we see fumes from fires inside the 
dump that escape into the sky, the landscape is getting 
dark while the sun goes down. By these means the bright 
colors of the mystic dump scene become even brighter. 
As Fabrice Monteiro indicated the African culture plays 
an important role in this photo installation e.g., looking at 
the hair arrangement of the woman. We should highlight 
Doulsy (Jah Gal) who took care of this phantastic fashion 
arrangements designed from discarded plastic.

So let your mood sink in, internalize the clear message, 
but also enjoy the atmosphere, the special beauty and the 
spirit that emanates from this picture. 

The next art work I will present is “The Bride of Beirut” 
which was created by sculptor, Engineer Hani Tabsharani, in 
Gemmayzeh, Lebanon. This statue is made from rubble and 
broken glass as left overs from the August 4 2020 explosion 
in the harbor of Beirut.

VI
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