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Abstract
Sewage sludge (SS) is a by-product of wastewater treatment plant (WWTP) operation. Due to fast rates of urbanization and
industrialization, and rapid population growth, the world community faces a serious challenge associated with its disposal. There
is an urgent need to explore low cost, energy efficient, and sustainable solutions for the treatment, management, and future
utilization of SS. Thermal conversion of SS is considered the most promising alternative for sustainable SS management. Among
three main thermochemical processes, it seems that gasification (GAS) of SS has the most advantages. The aim of this paper is a
presentation of the gasification process as a sustainable method of SS management that takes into account the idea of a circular
economy (CE). Gaseous fuel production, phosphorus recovery potential, and solid adsorbent production during the gasification
process are analyzed and discussed. Result of this study shows that the lower heating value (LHV) of the gas from SS GAS
process is up to 5 MJ/m3

n and it can be effectively utilize in an internal combustion engines. The analysis proved that solid
fraction after the SS GAS process can be treated as a valuable phosphorus source and perspective adsorbent materials. The
amount of P2O5 in this material was equal to 22.06%. It is similar to natural phosphate rocks (28.05%). The maximum of the
adsorption capacity of the phenol was comparable with commercial activated carbon (CAC): 42.22 mg/g for solid fraction after
SS GAS and 49.72 mg/g for CAC.
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Introduction

In 2016, almost 80% of world’s final consumption of the
energy is still provided by fossil fuel utilization. Though, this
is continuously being diminished by the rising growth rate in
modern renewables. Increases in renewable energy deploy-
ment continued in 2017, especially in the power sector, thanks
to increasing access to finance, global concerns about energy
security, human health and the environment, growing energy
demand in young and developing economies, an urgent need
for emission-free electric energy and clean cooking facilities,
dedicated policy initiatives, and support for ambitious targets
(Eckhart et al. 2018). With continuous economic and

population growth, global energy demand is rising, while
available fossil fuel resources are slowly approaching exhaus-
tion. Throughout the previous 50 years, the total population
doubled more quickly than at any other time in recent memo-
ry, and more quickly than it is anticipated to develop later on.
In 1950, the world had 2.5 billion individuals; and in 2005, the
world had 6.5 billion individuals. According to World
Population Prospects (2017), by 2050, this number could as-
cend to in excess of 9 billion or more, and will exceed 11
billion by 2100. The rapidly rising demand for energy has
encouraged the alarmingly intensive exploitation of the natu-
ral environment in search of the new renewable energy
sources. This exploitation also have significantly influenced
the generation of municipal and industrial waste around the
globe (Matsunaga and Themelis 2002). Similarly, Hoornweg
and Bhada-Tata (2012) posit that rising urban populations
have increased solid waste generation by tenfold around the
globe. Moreover, global estimates indicate solid waste gener-
ation will double from 3.5 million to 6 million tons/day by
2025 exceeding environmental pollutants and greenhouse
gases (GHGs). In corroboration Werle (2015) asserts that
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rising solid waste generation prompted by rising wealth and
population dynamics will increase pressure on current waste
management (WM) systems. Furthermore, this will result in
significant socioeconomic, environmental, technological, and
geopolitical implications globally.

Sewage sludge (SS) is an one of example of solid waste
and, simultaneously, is a major by-product of wastewater
treatment plant (WWTP) operation. Due to increasing urban-
ization and industrialization, caused by rapid population
growth, SS disposal is one of the key issues of today’s waste
economy. On a global scale, daily production of sludge varies
widely from 35 to 85 g dry matter (dm) per capita per day
(IWA 2019). Further increases have been projected due to
aforementioned population growth. Despite the SS disgrace,
its growing production and the enormous cost of disposal has
led engineers to consider its energy potential and propose it as
a potential new renewable. Many countries (e.g., Slovakia,
Poland and China) are considering or are already
implementing thermal methods of SS conversion
(Hronocova et al. 2017; Syed-Shatir et al. 2017; Haibo et al.
2019). In the European Union (EU), the SS problem is being
tackled by the general Directives, indicators, and national leg-
islative requirements.

Regulations concerning SS disposal

Currently, SS disposal is regulated by the Council Directive
86/278/EEC, established by the EU in 1986, the so-called
“Sludge Directive.” The next document connected with SS
disposal is Directive 2000/60/EC (Water Framework
Directive - WFD). This policy, introduced by the European
Parliament in the year 2000, describes regulations in reference
to the water policy and defines SS as a product of sewage
treatment and no longer as a waste material. The operational
document of the WFD is the Directive 91/271/EEC from
1991. It defines possible ways for municipal SS treatment
and obliges cities to monitor and report final methods of mu-
nicipal SS disposal. This approach is focused mainly on the
reuse of SS as a valuable material. The final effect of the
implementation of Directive 91/271/EEC, until 2015, was
the increased production of SS. However, it opened the door
for alternative re-use methods of SS as a valuable material.
Another EU document which regulates storage issues related
to SS is Directive 99/31/EC from the 1999 Landfill Directive.
Recycling of SS is the subject of the Directive 2008/98/EC.
This document takes the position that the key priority is the
prevention of SS production. The next priority is the prepara-
tion of SS for recycling and recovery. It is proposed that this
recovery should be mainly related to energy production from
the sludge in the Waste-to-Energy (WtE) model.

The idea of WtE has grown fundamentally in recent de-
cades. With improvements starting during the 1990s, today’s
WtE systems have been incredibly modernized and

increasingly organized. The types of feedstock utilized have
likewise expanded. SS is also recognized as a valuable feed-
stock for this purpose. Sludge into energy (StE) processes
have been treated as one of the best methods to handle the
problem of the growing amount of SS associated with the
increase in the number of WWTP in the world (Chen et al.
2016; Ferrasse et al. 2003; Samolada and Zabaniotou 2014).
Thermo-chemical processes offer not only real amount decre-
ment, but are also effective for pathogen management and the
potential valorization of energy-rich content (Jiang et al.
2016). In practice, technological strategies may also allow
for the recuperation of valuable nutrients and metals (Bridle
and Pritchard 2004; Mulchandani and Westerhoff 2016;
Donatello and Cheeseman 2013).

Pyrolysis, gasification, and incineration are the most pop-
ular conventional paths of thermo-chemical treatment.
Regarding the technical and environmental aspects of the
sewage-to-energy concept within the CE (circular economy)
(i.e., knowledge of technology, technological complexity, and
hazardous emissions), gasification seems to be the most prom-
inent conversion methods within the CE concept (Muzyka
et al. 2015).

Gasification as a SS conversion method

The gasification process is the incomplete oxidation of biode-
gradable material in an oxidant-restricted atmosphere. The
process exists in the gasification reactor, called the gasifiers.
The reactors can be divided into three main types (Gorazda
et al. 2017; Werle 2014): fixed bed (FBG), fluidized bed
(FlBG), and entrained bed gasifiers (EBG). The main purpose
of this process is flammable gas production (e.g., H2, CO, and
CH4, known as “gasification gas”). Gasification also produces
a solid fraction, which is a carbon rich material (Skorek-
Osikowska et al. 2017). Gasification gas is commonly used
as a fuel. It can be utilized in mechanical or electrical power
generation processes. Sometimes it can be utilized as a second
fuel in diesel engines working in “dual fuel” operations (Oh
et al. 2019). These power systems based on gasification are
technologically mature.

In Europe, there are many gasification plants. The most
popular and widely known is in 8 MW’s power Güssing
(AUT), built in 2001. Other examples include plants in
Kokemäki (FIN), Skive (DK), or Spiez (SUI) (Uchman and
Werle 2016). Generally, it should be said that gasification
systems are usually realized on a scale not much larger than
combustion systems (Pinto et al. 2007).

Gasification is tolerant of diverse feedstocks, especially
contaminated. Taking into consideration that gasification is
characterized by a reductive environment, the total volume
of produced gas is lower than the volume of exhaust from
the combustion process. Consequently, sulphur present in gas-
ified material is transformed to H2S, nitrogen to NH3,
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chlorides to HCl. The formation of dioxins, SO2, and NOx is
prevented, and gas cleaning installation is smaller and less
expensive compared to classic combustion (Werle 2013).
This feature is very profitable, taking into consideration the
possible use of such an installation on the site of a WWTP. In
such context, it is assumed that the sewage sludge can be a
good fuel for this application. First trials of the SS gasification
were focused on the proving that there is possibility of co-
gasification of the SS with conventional biomass (e.g., wood)
and waste (e.g., solid recovered fuels). The results obtained by
Seggiani et al. (2012) showed that it is possible to co-gasify
SS (70%) with wood pellets (30%) in FBG unit. It was con-
cluded that, due to high ash content and low ash fusion
temperatures, a slagging problem was found. This
phenomenon makes the gasification process unstable. Vonk
et al. (2019) performed a study on co-gasification of wood
with solid recovered fuels, waste tires, plastics, and SS.
Experiments showed that a mixture of dried SS (20%) and
waste wood (80%) resulted in good efficiency in the gasifier,
although a lower hydrogen content was obtained in this work.
This can be explained by the high iron load in the SS, reaching
up to 7.7% (mass fraction). A study performed by Thomsen
et al. (2017) concluded that LT-CFB (low-temperature
circulating fluidized bed) gasification and co-gasification is a
very effective method to manage SS.

The positive experience with SS co-gasification has pro-
vided the basis for the development of the gasification process
of the sludge themselves. Researchers pay attention to the
problem of pollution in SS.

During SS gasification, the occurrence of inorganic and
organic contamination, including waste by-products (ash and
tar), is also important (Werle and Dudziak 2014). In that con-
text, new procedures are continuously generated (Werle and
Dudziak 2013; Werle et al. 2016). For example, in non-treated
(or raw) SS, as well as in the post-process, tars both organic
(e.g., PAHs–polycyclic aromatic hydrocarbons) and inorganic
substances (e.g., HM–heavy metals) were identified. In the
case of ash, mainly inorganic heavy metals were detected.
The inorganic and organic contamination is transported close
within the system, SS gasification by-products. In order to
determine contaminants, basic instrumental methods (gas
chromatography and absorption spectrometry) (Werle and
Dudziak 2013) can be used, as well as indirect methods like
photoacoustic spectrometry or ecotoxicological analysis
(Werle et al. 2016).

In recent years, it is postulated that gasification is the best
way to implement the circular economy concept.

Sludge-to-energy in the CE concept

The concept of the CE was not a recent invention. Rather, it
was introduced by British economists Pearce and Turner in
1989. This term was then better described more than 20 years

later by the Ellen MacArthur Foundation (Potocnik 2013).
This definition stated that CE is a “restorative economy or
regenerative by intention and design”.

In 2015, the EU was introduced to the CE concept. This
document establishes closed-loop flow of materials, efficient
use of resources and energy, prevention of waste deposition,
as well as, reuse of waste, by-products, and secondary raw
materials (Lozano-Lunar et al. 2019). SS, as a product of
WWT, has big potential and must be recycled under the CE
idea. This necessity results, on the one hand, from the formal
and legal requirements related to the prohibition on SS stor-
age, the increase in produced SS due to the growth the popu-
lation, and the introduction of sustainable development prin-
ciples, but—on the other hand—from the increase in aware-
ness of the usefulness of SS as an energy rawmaterial. The CE
is right now very important to the EU agenda, so all of the EU
countries should change commonly used techniques of SS
utilization and move into more efficient waste treatment, em-
bracing the CE idea.

The European Commission recently published the
Document (2017), which aims to clarify the role of WtE for
the CE. It states that “WtE processes can play a role in the
transition to a CE, provided that the EU waste hierarchy is
used as a guiding principle and that choices made do not
prevent high levels of prevention, reuse, and recycling.”
Recently, European policy making has taken into consider-
ation the CE idea. The economic growth with incremental
environmental issues has to be introduced. Solutions-based
perspectives for achieving economic development within in-
creasing environmental constraints have been denoted.
Additionally, a number of European countries have been en-
couraged to indicate the CE as their political priority.
Rigueiro-Rodriguez et al. (2018) proposed changes for SS
applications based on Zn balance within a CE perspective.
The authors stated that regulations for agriculturally used SS
(e.g., fertilizers) should aim to reach mean values of Zn. The
soil microbial health should be maintained. For this reason,
low quality SS application should be reduced. The CE per-
spective for SS extends from the possibility of phosphorus
recovery inWWTP (Wilfert et al. 2018) to construction indus-
try for material for cement production (Smol et al. 2015) and
as a fertilizer in acid soils (Mosquera-Losada et al. 2017).

Meeting the CE assumptions requires an urgent need to
carry out essential changes in all EUmember states, including
Poland (Ciuła et al. 2018). Thus, SS management in Poland
will be analyzed in the following sections of this paper.

Poland—general information

The Republic of Poland is a central European nation located
east of Germany on the geographical coordinates 52° N 20° E
with a total land mass of 312,685 km2. The land mass is
comprised of 2.71% water and 97.3% land with 3070 km2
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of territorial boundaries shared by seven countries including
Belarus, Czech Republic, Germany, Lithuania, Russia
(Kaliningrad Region), Slovakia, and Ukraine. The landscape
consists of plains with mountains along the borders in the
south, which account for its temperate climate. The seasonal
weather is typically characterized by moderate to severe cold,
cloudy winter conditions with regular rainfall, whereas sum-
mers are mild with periodic showers and thunderstorms.

According to 2016 estimates, Poland is inhabited by 38.5
million people, comprising 96.90% Polish, 1.10 % Silesian,
0.20%German, 0.10%Ukrainian, and 1.70% other nationalities.
The economy of Poland is dominated by the service sector at
55.60%, with the remaining sectors being primarily comprised of
industrial manufacturing (41.10%) and commercial agriculture
(3.30%). These three sectors jointly account for USD$1.005 tril-
lion of Poland’s gross domestic product. According to the CIA
World Factbook (2016), the per capita income of the average
Pole is estimated at USD$26,000, which buttresses the nation’s
high living standards. Aswasmentioned above, the increasing of
living standards causes the increment of the waste (e.g., sludge)
production. The same is in Poland.

Forecasts for SS management in Poland

Based on the forecast for Poland, defined in Resolution no. 88 of
the Council of Ministers of 11 August 2016 on the “National
Waste Management Plan 2022,” it should be assumed that the
total mass of municipal SS in 2020 will be equal to 750,000 Mg
(dm).

Table 1 presents data on the disposal, management, and utili-
zation of the total industrial and municipal SS produced from
over 4255 WWTPs operating in Poland for the year 2016.

Taking into consideration the numbers presented in Table 1, it
should be concluded that, SS is mostly utilized for agriculture,
compost production, thermal conversion, bulk storage, and other
industrial uses. It should be emphasized that in terms of the EU
and national formal documents, this structure of SS disposal is
not acceptable. The main problem is the small amount of ther-
mally utilized sludge. Most of the accumulated SS constitute an
unused source for thermal conversion use. Thermal processes

can be implemented at existing heating or power plants, or can
by erected as a completely new facility. Such installations can
convert large amounts of SS. This is a very advantageous feature
of thermal methods. Moreover, taking into consideration the
properties of SS, among all thermal process gasification seems
to be the best option. Gasification is a prominent technology,
which fits exceptionally well into the CE concept. This process
ensures complete sterilization of SS, effective mass reduction to
solid fraction, and provides an opportunity to recover valuable
materials.

The paper focuses on showing that gasification is an effec-
tive method of the sewage sludge management taking into
account the CE idea. For this purpose, an experimental anal-
ysis of the municipal sewage sludge gasification process in-
cluding the determination of the phosphorus recovery poten-
tial from the solid waste products taken from the process.
Moreover, the experimental analysis of the phenol adsorption
from water solution using solid waste gasification process is
presented. The influence of the air ratio on the temperature
distribution in the gasifier, the gaseous fuel composition, and
its lower heating value are discussed. The amount of phospho-
rus existed in the solid waste process product is determined.
The comparison to natural phosphate rock is presented. The
comparison of the adsorption efficiency of phenol on solid
gasification product with various normally used adsorbents
is presented.

Materials and methods

Gasification experimental setup
The SS gasification experiment was realized. For the pres-

ent study, a FBG reactor was used. The whole system is pre-
sented in Fig. 1. The objective of the experiment was to de-
termine the influence of the air ratio on the temperature con-
ditions in the gasifier and on the properties of the achieved
gaseous fuel. The process also generates the solid waste ma-
terial for phosphorus recovery potential analysis and the phe-
nol adsorption process investigation.

Table 1 Sewage sludge (SS)
management in Poland for 2016
(Statistical Yearbook of the
Regions)

Sewage sludge (SS) utilization Total SS (industrial and municipal), tonnes of dry solid

Land reclamation 31,724

Compost production 32,807

Bulk storage 61,889

Landfilling 97,569

Agriculture 133,887

Thermal conversion 194,677

Other uses 394,638

Accumulated* 6,286,969

* Total annual SS accumulated on the WWTP on landfill areas
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The key reactor element was an insulated, stainless gasifier
pipe. The internal diameter of the pipe was equal to 150 mm and
the total height was equal to 300mm. SS, in the form of granules,
was introduced to the reactor from the top located fuel box. The
gasification agent was fed bottom up by the pressure fan. Six N-
type thermoelements were used for measuring the temperature
inside the reactor. All of the thermocouples were located along
the vertical axis of the gasifier and were connected to the tem-
perature recording system (Agilent Company). In addition to the
temperatures in the reactor, the temperature of the gas leaving the
installation was also measured. The volume flow rate of the
gasification agent and the flow rate of gasification gas were mea-
sured by flowmeters. Gasification gas was transported by the gas
pipeline and was then cleaned by a gas cleaning installation. This
consisted of a cyclone, a scrubber, and a drop separator. Themain
components of the gasification gas were measured online using a
set of analyzers.

Gasification experimental methodology

In Table 2, the gasification methodology has been presented.

The experiments were carried out using two types of sludge.
The first (SS1) from the Polish WWTP operated in mechanical-
biological (MB) system, and the second (SS2) from the Polish
WWTP operated in the mechanical-biological-chemical (MBC)
system. Both systems included a stage of dewatering, anaerobic
digestion stabilization, and mechanical drying.

Adsorption experiment methodology

The experiment of adsorption was realized in the static environ-
ment. Erlenmeyer flasks were used. The objective of the research
was the determination of the efficiency of adsorption of phenol
on solid waste product which generates from the SS gasification
process and comparison values of this parameter achieved using
other materials.

Process parameters are displayed in Table 3.
The adsorbate used in the study was phenol. To the volume of

it (see Table 3), an adsorbent material with the constant concen-
tration (see Table 3) was added. Such prepared sample was shak-
en for 60 min. Before marking, samples were filtered through a
membrane with a pore size of 0.45 μm, after which the removal
of adsorbent material was achieved. Equilibrium results can be

Fig. 1. The scheme of the FBG reactor (Werle and Wilk 2011)

Table 2. Experimental matrix of
gasification process Sewage sludge

(SS)
Gasification agent Air ratio λ, - Tests

SS1(MB
system)

SS2 (MBC
system)

Atmospheric air at ambient
temperature

Adjustable from 0.12 to
0.27

(i) Fuel production

(ii) P recovery (fertilizer
purposes)

(iii) Sorbent production
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analyzed using the Freundlich or Langmuir adsorption isotherm
method. In previous studies, it was realized that the degree of
matching the theoretical Freundlich adsorption isotherm to ex-
perimental data is better than the Langmuir isotherm method
(Dudziak and Werle 2016).

The Freundlich model is given as:

qeq ¼ Kf � C
1=n
eq ð1Þ

where
qeq is the quantity of the adsorbate per specified amount of

adsorbent (mg/g),
Ceq is the equilibrium strength in solution (mg/dm3), and
Kf and n are the Freundlich constants.
This is an empirical equation, based on sorption on a hetero-

geneous surface, which can be presented as a linear function.
This form makes it possible to identify the constants Kf and n:

log qeq ¼ log K f þ 1

n
log Ceq ð2Þ

Results and discussion

Ultimate and proximate analysis and occurrences
of organic and inorganic contaminants

The proximate and ultimate analyses of both SS1 and SS2 are
displayed in Table 4. The ultimate analysis was carried out using

the infrared spectroscopy analyzer. The following procedures
and standards were used for SS characterization. Moisture con-
tent was determined according to EN ISO 18134-3:2015. The
standard PN-EN 15402:2011 was adopted to determine the vol-
atile content and the PN-EN 15403:2011 standard for the ash
content. The CEN/TS15400:2006 procedure was used for the
calorific value determination (HHV–the higher heating value).

Gasification experiments results

During the experiment, information about the impact of the air
ratio on combustible element content in gas, LHVof gas, and
temperature distribution was acquired.

The temperature distribution in the reactor was obtained by
measuring the temperatures at six characteristic points (T1 to T6)
of the reactor (Fig. 2). The point T1 was located at 10 mm above
of the gate. The next points were located 50 mm higher. The last
point, T6, was located at 260 mm above of the grate.

Visual inspection of Fig. 2 indicates that measuring point T3
had the highest temperature values. This is due to the location of
T3 in the oxidation zone. This zone is always the hottest area in
the FBGs. Similarly, the measuring points T6 and T5 may be
located in the drying zone, T4 in the pyrolysis zone, T2 in the
oxidation (combustion) zone, and T1 in the ash zone. A similar
patternwas observed during the experimentwith the SS2 sample.
The temperature pattern presented here is almost identical to
other FBG reactors investigated in other gasification studies
(Kim et al. 2016; Vonk et al. 2019).

The impact of the air ratios on the main species content in the
gasification gas for both analyzed samples is presented in Fig. 3.

The data presented in Fig. 3 show that in thewhole range ofλ,
the volume fractions of carbon monoxide and hydrogen are
higher for SS1 than for SS2. In terms of lower values of λ, the
carbonmonoxide fractionwas found to be low. The highest value
of this fraction (31.3% for SS1 and 26.9% for SS2) is observed
for λ equal to 0.18. Similar results were achieved in other studies.
Kim et al. (2016) used a FBG for SS gasification briquettes. The
highest achieved volume fraction of CO was equal to 32.6%.

A sudden increase in the CO amount of this value is due to the
main role of the primary water-gas reaction. After exceeding this

Table 4 Proximate and
ultimate analysis of
investigated samples, %
mass; average values
(Werle and Dudziak
2015)

Parameters SS1 SS2

M–Moisture 5.30 5.30

A–Ash 49.00 51.50

VM–Volatile matter 44.20 36.50

Carbon 27.72 31.79

Hydrogen 3.81 4.36

Oxygen 3.59 4.88

Nitrogen 13.53 15.27

Sulphur 1.81 1.67

Flour 0.003 0.013

Chloride 0.033 0.022

HHV, kJ/kg(dm) 1171 1405
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Fig. 2 The distribution of the temperature; SS1 gasification

Table 3. Parameters of the adsorption process

Parameter Value

Temperature 298 K

Volume of the adsorbate 100 ml

pH 7.0

Concentration of an adsorbent material 90 mg/dm3
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value, a decrease of CO fraction was observed. Analysis of the
course of carbon dioxide fraction changes shows an inverse re-
lationship with carbon monoxide. This is due to the participation
of these compounds in identical chemical reactions—thus, the
amount of CO2 is the smallest when the fraction of CO is the
largest.

The chemical reactions taking place in the gasification re-
actor are the result of the reaction of the gasification agent with
the fuel and the same factor with the gas phase CO.

The gasification agent reacts with carbon in endothermic
reactions, mainly producing CO (via CO + H2O→ CO + H2).
On the other hand, the gasification agent reacts exothermic
with CO, producing mainly carbon dioxide and hydrogen—
via CO + H2O↔CO2 + H2. This is the main reason for the
observed change in gas composition as a function of λ chang-
es. Similar gas composition has been observed during the
gasification experiments of SS in air (Kim et al. 2016). In their
study, a FBG reactor produced gas with combustible compo-
nents of CO, H2, and CH4 with concentrations of 10%, 5%,
and < 1% respectively. This small amount of methane was
also confirmed by, for example, Ayol et al. (2019), in which
SS FBG results were presented, with the volume fraction of
methane equal to 1.2%.

The impact of the λ on the LHV of gasification gas is
presented in Fig. 4. The following formula from Kim et al.
(2011) was used:

LHV ¼ 0:126 � COþ 0:108 � H2 þ 0:358 � CH4 ð3Þ

Figure 4 shows LHV reaches its maximum at an air ratio
value of λ = 0.18. This was the case for both sewage samples.
Above that value of λ, the thermochemical process could re-
sult in a shift from gasification to combustion.

Gasification results show that process gas is characterized
by the LHV in comparison with popular gaseous fuels, up to 5
MJ/m3

n (see Fig. 5).
While the LHV of gasification gas is much lower than

methane or hydrogen, it is still comparable with the LHV of
blast furnace gas. The present data indicates that the gasifica-
tion gas can be used as a fuel in power engineering systems.
Chemistry purposes are also possible (e.g., synthesis process).

Freda et al. (2018) showed gasification experiment results,
carried out in a bench scale rotary kiln under simulated
autothermal condition. Dry gas having a high heating value
of 6–9 MJ/m3

n and a tar content of 4–6 g/m
3
n was obtained at

a temperature of 800–850 °C, with an air ratio between 0.15
and 0.24. Dogru et al. (2002) showed SS gasification experi-
ments using a 5 kWe-throated downdraft gasifier. The low-
quality combustible gas was produced. It is acceptable as a
fossil fuel replacement, with an LHVof 4 MJ/m3

n that would
still allow an internal combustion engine to operate. Air gas-
ification of dried SS was performed in a FlBG, resulting in a
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Fig. 4. The LHVof gasification gas from gasification of the SS1 and SS2
as a function of the air ratio

Fig. 3 The volume fraction of main components in gas from SS1 and SS2 gasification process—impact of the air ratio. a CH4. b H2. c CO. d CO2
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mean value of 5 MJ/m3
n and information about application of

tar-removal from biomass gasification (Choi et al. 2018).
All of the studies discussed above show that despite tem-

perature range, the mean value of gasification gas depends
strongly on air ratio, the optimal value of which, adequate to
reactor technology, yields the highest heating values of the
gas.

Phosphorus recovery potential

One of the important targets of the CE approach is nutrient
extraction from waste materials. One such waste material is
SS. Despite the visible progress in methods ofWWT, there are
no optimal results in phosphorus recovery from the wastewa-
ter stream. Additionally, some commercial coagulants used in
those technologies create difficulties in potential recovery of P
from SS. Sorption materials may be a good solution forWWT.

As was mentioned above, the main feature of the gasifica-
tion technology, due to reductive atmosphere during the pro-
cess, is that inorganic compounds are moved into the solid
phase. So, it can be postulated that gasification of SS is the
most effective solution taking into consideration the potential
recovery of phosphorus. Present results show that the solid
fraction after gasification is a promising source of phosphorus
in comparison to other residues (e.g., ashes) from SS combus-
tion. Nevertheless, both types of residues are characterized by
different chemical and technological parameters than natural
sources of phosphorus (e.g., phosphate ore). Due to this, such
alternative material should be deeply analyzed including the
possibility of its the addition to standard material.

The solid fraction of the SS gasification process consists of
20.06% P2O5 (Gorazda et al. 2018). This value is comparable
to ash from the SS combustion process (22.47% of P2O5).
However, Gorazda et al. (2017, 2018) show that the content
of microelements, such as Fe, Cu, Zn, and Mn, have differed
from those of natural source of phosphorus. These
micronutrients are essential for plant growth, and their
values have to be controlled for the production of fluid
fertilizers, in accordance with Regulation EC no 2003,2003.

Wilfert et al. (2018) stated that phosphate recovery from SS is
essential to the prospect of a CE, as it is one of the most
feasible ideas and has been the subject of numerous studies
(Viader et al. 2015; Gorazda et al. 2018). Acelas et al. (2014)
investigated the possibility of gaseous fuel production along
with P extraction using the SCWG (supercritical water gasifi-
cation) method. After SCWG, majority (> 95%) of the phos-
phorus could be recovered.

Gorazda et al. (2017) leached solid phase with phosphoric
and nitric acids, according to patented PolFerAsh technology.
It was concluded that the efficiency of the phosphorus
leaching from solid fraction after gasification is higher than
73%.What is more, most of the iron and heavy metals remain
in the solid residue due to the low concentration of acids and
the specific solid to liquid phase ratio. Viader et al. (2015)
investigated low-temperature gasification of SS with empha-
sis on P extraction from gasification ash. The study concluded
that using a 2-compartment electro dialytic (ED) setup for P
separation, it was possible to extract up to 26% of the P from
pure SS ashes, while up to 90% of the P was extracted from
the ashes from the gasification of SS and straw pellets mixture.

Adsorption process efficiency

The very important feature of the CE concept, which distin-
guishes it from a linear, industrial model is flexibility and not
being subject to general schemes. In this context, the CE is
looking for new, unconventional materials that will be used in
industry and engineering. Flexibility is also related to the new,
previously unrealized, use of a given (not necessarily new)
material. Such materials go beyond the general scheme and
must be tested before being used. The adsorption process of
the various types of contaminant on unconventional adsorbent
materials is an example of such activity. During adsorption,
the molecules of a substance from a gas mixture (or liquid
solution) become attached to a solid (or liquid) surface.

It is demonstrated in Fig. 6 that solid gasification by-
products (SS ash) can be used as an adsorption material in
order to eliminate organic contaminants from water streams,
(e.g., phenols). In this figure is presented the comparisonmax-
imum of the adsorption capacity of the phenol monolayer on
different adsorbents. Taking this result into consideration, it
can be assumed that the efficiency of phenol adsorption on the
SS gasification ash was higher than for other unconventional
adsorbents (e. g., chemically modified green macro algae).
Björklund and Li (2017) investigated the adsorption of hydro-
phobic organic compounds usually detected in stormwater.
Sludge-based activated carbon (SBAC) was as efficient as
tested commercial carbons for adsorbing organic compounds
(up to 2.8 mg/g). SS as an activated carbon source has great
potential as a renewable alternative for SS WM practices and
for the production of an effective adsorption material. Zhang
et al. (2018) propose the one-step microwave pyrolysis of
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sewage sludge (OMPSS) as a process to produce the uncon-
ventional adsorbents for organic contaminants. The average
value of the adsorbed substance per amount of adsorbent was
equal to 18 mg/g.

The results presented in this chapter show that gasification
is a very useful method of sewage sludge management. The
advantages of gasification are particularly evident, when we
think about the CE idea. The reductive nature of the process
means that many valuable products, e.g., phosphorus, are
moved to a solid phase. In addition, the specificity of the
process leads to the formation of a solid waste products which
can be used as an unconventional adsorbent. The advantage
associated with the production of combustible gas, which is a
source of energy in technical devices, such as boilers, engines,
or gas turbines, is indisputable. In Poland, the sewage sludge
gasification is still a perspective technology. Although, Poland
ranks fifth place behind Czech Republic, Greece,
The Netherlands, and Germany taking into account number
of incentives for biomass (Banja et al. 2019) in heat and elec-
tricity production sector, the similar incentive tools for waste
utilization are rather rare. We need to remove the regulatory
barrier for sewage sludge deployment and create more finan-
cial, administrative and formal incentives. In Poland, there is
an impressive experience in biomass gasification (Werle
2015). Therefore, it is optimistic to look at the development
of this technology also in the context of SS. The CE idea
introduced into EU law can helps this. The installation by
Zamer of a fluidized bed EKOD gasifier (Stelmach and
Wasilewski 2012), ICHPW of a fixed bed GazEla gasifier
(Iluk et al. 2016), or installation presented in this paper are
good examples of this perspective.

Conclusions

Within the frame of this paper, the municipal SS gasification
as an element of the CE concept has been presented. It has
been denoted, that air ratio and temperature in the analyzed
process had great impact on the process gas composition. The

volume fraction of the combustible gasification gas elements
(carbon monoxide, hydrogen, and methane) were increased
with higher temperature and oxygen content in the gasifying
agent. Higher values of the carbon and hydrogen in gasified
fuel (SS1 and SS2) affect the increase of the LHVof gasifica-
tion gas. It reached the highest value for λ = 0.18. The LHVof
gasification gas is comparable with the LHVof blast furnace
gas. Unfortunately, the LHV is much lower in comparison to
popular gaseous fuel, like methane. Solid waste by-products
from SS (ashes) can be used as an adsorbent for the elimina-
tion of toxic organic substances from water streams (e.g., phe-
nols). The received adsorbent from SS gasification should be
subjected to deep purification processes. The efficiency of
phenol adsorption fromwater solution on SS gasification solid
product was higher than for other analyzed adsorbents, like
rice husk carbon or olive pomace. The post-process gasifica-
tion solid fraction is a perspective source of P (20.06% P2O5).
It is almost as high as for SS ash (22.47% P2O5) and natural
phosphate rocks (28.05% P2O5). The chemical properties and
technological parameters differ from natural phosphate
sources. Thus, such material should be well recognized and
treated separately. The results of this analysis indicate that
there is great potential for improvement in sludge manage-
ment utilizing the CE perspective. These results and conclu-
sions ought to be presented to authorities and water treatment
plant management in order to propose an increase in energy
efficiency and profitability of SS production and utilization.
Examples of the first solutions in the technology of gasifica-
tion of SS in Poland may be an argument in the discussion of
create directions of management of this group of raw
materials.

Acknowledgments The paper has been partially prepared within the
frame of the Rector of the Silesian University of Technology Project
(reg. number 08/060/RGJ17/011), within the frame of the project Study
on the solar pyrolysis process of the waste biomass financed by National
Science Centre, Poland (reg. number 2016/23/B/ST8/02101) and within
the frame of the Silesian University of Technology as a part of Statutory
Funds for Young Scientists (reg. number 08/060/BKM18/0197).

Open Access This article is distributed under the terms of the Creative
Commons At t r ibut ion 4 .0 In te rna t ional License (h t tp : / /
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give appro-
priate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

References

Acelas NY, López DP, Brilman DWF, Kersten SRA, Kootstra AMJ
(2014) Supercritical water gasification of sewage sludge: Gas pro-
duction and phosphorus recovery. Bioresour Technol 174:167–175.
https://doi.org/10.1016/j.biortech.2014.10.003

Ayol A, Yurdakos OT, Gurgen A (2019) Investigation of municipal
sludge gasification potential: gasification characteristic of dried
sludge in a pilot-scale downdraft fixed bed gasifier. Int J Hydrogen

Sewage-based activated carbon (SBAC)

Olive pomace

Neutralized red mud

Baggase fly ash

OMPSS

Chemically modified green macro algae

Rice husk carbon

Sewage sludge (SS) ash

Commercial activated carbon

Beet pulp carbon

Activated carbon fibre

2.8
5.5
5.13

13.13
18
20.2
22.22

42.22
49.72

90.61
110.2

qeq (mg/g) 

Fig. 6 Adsorption capacity of organic compounds—comparison of SS
gasification ash with other sorbents

Environ Sci Pollut Res (2019) 26:35422–3543235430

https://doi.org/10.1016/j.biortech.2014.10.003


Energy. 44:17397–17410. https://doi.org/10.1016/j.ijhydene.2019.
01.14

Banja M, Sikkema R, Jegard M, Motola V, Dallemand J-F (2019)
Biomass for energy in the EU – the support framework. Energy
Policy 131:215–228. https://doi.org/10.1016/j.enpol.2019.04.038

Björklund K, Li LY (2017) Adsorption of organic stormwater pollutants
onto activated carbon from sewage sludge. J Environ Manage 197:
490–497. https://doi.org/10.1016/j.jenvman.2017.04.011

Bridle TR, Pritchard D (2004) Energy and nutrient recovery from sewage
sludge via pyrolysis. Water Sci Technol 50:169–175

Chen P, Xie Q, AddyM, ZhouW, Liu Y,Wang Y, Cheng Y, Li K, Ruan R
(2016) Utilization ofmunicipal solid and liquid wastes for bioenergy
and bioproducts production. Bioresour Technol 215:163–172.
https://doi.org/10.1016/j.biortech.2016.02.094

Choi Y-K, Ko J-H, Kim J-S (2018) Gasification of dried sewage sludge
using an innovative three-stage gasifier: Clean and H2-rich gas pro-
duction using condensers as the only secondary tar removal appara-
tus. Fuel 216:810–817. https://doi.org/10.1016/j.fuel.2017.12.068

CIA World Factbook (2016) Poland: Geography & Socio-Economic
Status World Factbook: Country Profile 2016.

Ciuła J, Gaska K, Generowicz A, Hajduga G (2018) Energy from landfill
gas as an example of circular economy. E3S Web of Conferences.
Vol. 30. The Firs Conference of the International Water Association
IWA for Young Scientist in Poland “Water, Wastewater and Energy
in Smart Cities”, Cracow, Poland, 2018. https://doi.org/10.1051/
e3sconf/20183003002

Council Directive 91/271/EEC of 21 May 1991 concerning urban waste-
water treatment.

Council Directive 99/31/EC of 26 April 1999 on the landfill of waste
(Landfill Directive).

Council Directive 86/278/EEC 1986 on the protection of the environ-
ment, and in particular of the soil, when sewage sludge is used in
agriculture.

Directive 2000/60/EC of the European Parliament and of the Council
establishing a framework for the Community action in the field of
water policy.

Directive 2008/98/EC of the European Parliament and of the Council on
waste and repealing certain directives (Waste framework directive).

Document (2017) - Communication from the commission to the
European Parliament, the council, the European economic and so-
cial Committee and the Committee of the regions (2017) The role of
waste-to-energy in the circular economy.

Dogru M, Midilli A, Howarth CR (2002) Gasification of sewage sludge
using a throated downdraft gasifier and uncertainty analysis. Fuel
Process Technol 75:55–82. https://doi.org/10.1016/S0378-3820(01)
00234-X

Donatello S, Cheeseman CR (2013) Recycling and recovery routes for
incinerated sewage sludge ash (ISSA): a review. Waste Manage 33:
2328–2340. https://doi.org/10.1016/j.wasman.2013.05.024

Dudziak M, Werle S (2016) Studies on the adsorption of phenol on dried
sewage sludge and solid gasification by-products. Desalin Water
Treat 57:1067–1074. https://doi.org/10.1080/19443994.2014.
988414

Eckhart M, El-Ashry M, Hales D, Hamilton K, Rae P, Bariloche F (2018)
Renewables 2018 Global Status Report. https://www.ctc-n.org/sites/
www.ctc-n.org/files/resources/global_status_report_2018.pdf.
Accessed 08 April 2019.

EN ISO 18134-3 (2015) Solid biofuels – Determination of moisture con-
tent – Drying method – part 3: Moisture in general analysis sample.

Ferrasse JH, Seyssiecq I, Roche N (2003) Thermal gasification: a feasible
solution for sewage sludge valorisation? Chem Eng Technol 26:
941–945. https://doi.org/10.1002/ceat.200301813

Freda C, Cornacchia G, Romanelli A, Valerio V, Grieco M (2018)
Sewage sludge gasification in a bench scale rotary kiln. Fuel 212:
88–94. https://doi.org/10.1016/j.fuel.2017.10.013

Gorazda K, Tarko B, Wzorek Z, Kominko H, Nowak AK, Kulczycka J,
Henclik A, Smol M (2017) Fertilizer production from ashes after
sewage sludge combustion – A strategy towards sustainable devel-
opment. Environ Res 154:171–180. https://doi.org/10.1016/j.
envres.2017.01.002

Gorazda K, Tarko B, Werle S, Wzorek Z (2018) Sewage sludge as a fuel
and raw material for phosphorus recovery: Combined process of
gasification and P extraction. Waste Manage 73:404–415. https://
doi.org/10.1016/j.wasman.2017.10.032

Haibo C, Ayamba EC, Agyemang AO (2019) Economic development
and environmental sustainability—the case of foreign direct invest-
ment effect on environmental pollution in China. Environ Sci Pollut
Res (2019) 26:7228. https://doi.org/10.1007/s11356-019-04167-5,
7242

Hoornweg D, Bhada-Tata P (2012)What a waste: a global review of solid
waste management. In: Urban Development Series Knowledge
Papers. World Bank Group, Washington DC, pp 1–98

Hronocova E, Ladomersky J, Musil J (2017) Problematic issues of air
protection during thermal processes related to the energetic uses of
sewage sludge and other waste. Case study: Co-combustion in
peaking power plant. Waste Manage 73:757–850. https://doi.org/
10.1016/j.wasman.2017.08.025

Iluk T, Sobolewski A, Szul M (2016) Pilot scale gasification of solid
combustible municipal waste, biomass and sewage sludge in fixed
bed gasifier. Przemysł Chemiczny 95:1634–1640. https://doi.org/
10.15199/62.2016.8.45

IWA Publishing news (2019) https://www.iwapublishing.com/news/
sludge-production

Jiang L-B, Yuan X-Z, Li H, Chen X-H, Xiao Z-H, Liang J, Leng L-J, Guo
Z, Zeng GM (2016) Co-pelletization of sewage sludge and biomass:
thermogravimetric analysis and ash deposits. Fuel Proces Technol
145:109–115. https://doi.org/10.1016/j.fuproc.2016.01.027

Kim J-W, Mun T-Y, Kim J-O, Kim J-S (2011) Air gasification of mixed
plastic wastes using a two-stage gasifier for the production of pro-
ducer gas with low tar and high caloric value. Fuel 90:2266–2272.
https://doi.org/10.1016/j.fuel.2011.02.021

KimM, Lee Y, Park J, RyuC,OhmT-I (2016) Partial oxidation of sewage
sludge briquettes in a updraft fixed bed.Waste Manage 49:204–211.
https://doi.org/10.1016/j.wasman.2016.01.040

Lozano-Lunar A, BarbudoA, Fernández JM (2019) Promotion of circular
economy: steelwork dusts as secondary rawmaterial in conventional
mortars. Environ Sci Pollut Res. https://doi.org/10.1007/s11356-
019-04948-y

Matsunaga K, Themelis NJ (2002) Effects of affluence and population
density on waste generation and disposal of municipal solid wastes.
Earth Eng Center Rep:1–28

Mosquera-Losada R, Amador-García A, Muñóz-Ferreiro N, Santiago-
Freijanes JJ, Ferreiro-Domínguez N, Romero-Franco R, Rigueiro-
Rodríguez A (2017) Sustainable use of sewage sludge in acid soils
within a circular economy perspective. CATENA 149:341–348.
https://doi.org/10.1016/j.catena.2016.10.007

Mulchandani A, Westerhoff P (2016) Recovery opportunities for metals
and energy from sewage sludges. Bioresour Technol. 215:215–226.
https://doi.org/10.1016/j.biortech.2016.03.075

Muzyka R, Chrubasik M, Stelmach S, Sajdak M (2015) Preliminary
studies on the treatment of wastewater from biomass gasification.
Waste Manage 44:135–146. https://doi.org/10.1016/j.wasman.
2015.07.002

National Waste Management Plan (2022) Poland - Resolution no. 88 of
the Council of Ministers of 11 August 2016.

Oh G, WonRa H, Min Yoon S, Young Mun T, Won Seo M, Lee J-G, Jun
Yoon S (2019) Syngas production through gasification of coal water
mixture and power generation on dual-fuel diesel engine. J Energ
Inst 92:265–274. https://doi.org/10.1016/j.joei.2018.01.009

Pearce DW, Turner RK (1989) Economics of natural resources and the
environment. Johns Hopkins University Press, Baltimore

Environ Sci Pollut Res (2019) 26:35422–35432 35431

https://doi.org/10.1016/j.ijhydene.2019.01.14
https://doi.org/10.1016/j.ijhydene.2019.01.14
https://doi.org/10.1016/j.enpol.2019.04.038
https://doi.org/10.1016/j.jenvman.2017.04.011
https://doi.org/10.1016/j.biortech.2016.02.094
https://doi.org/10.1016/j.fuel.2017.12.068
https://doi.org/10.1051/e3sconf/20183003002
https://doi.org/10.1051/e3sconf/20183003002
https://doi.org/10.1016/S0378-3820(01)00234-X
https://doi.org/10.1016/S0378-3820(01)00234-X
https://doi.org/10.1016/j.wasman.2013.05.024
https://doi.org/10.1080/19443994.2014.988414
https://doi.org/10.1080/19443994.2014.988414
https://www.ctc-n.org/sites/www.ctc-n.org/files/resources/global_status_report_2018.pdf
https://www.ctc-n.org/sites/www.ctc-n.org/files/resources/global_status_report_2018.pdf
https://doi.org/10.1002/ceat.200301813
https://doi.org/10.1016/j.fuel.2017.10.013
https://doi.org/10.1016/j.envres.2017.01.002
https://doi.org/10.1016/j.envres.2017.01.002
https://doi.org/10.1016/j.wasman.2017.10.032
https://doi.org/10.1016/j.wasman.2017.10.032
https://doi.org/10.1007/s11356-019-04167-5
https://doi.org/10.1016/j.wasman.2017.08.025
https://doi.org/10.1016/j.wasman.2017.08.025
https://doi.org/10.15199/62.2016.8.45
https://doi.org/10.15199/62.2016.8.45
https://www.iwapublishing.com/news/sludge-production
https://www.iwapublishing.com/news/sludge-production
https://doi.org/10.1016/j.fuproc.2016.01.027
https://doi.org/10.1016/j.fuel.2011.02.021
https://doi.org/10.1016/j.wasman.2016.01.040
https://doi.org/10.1007/s11356-019-04948-y
https://doi.org/10.1007/s11356-019-04948-y
https://doi.org/10.1016/j.catena.2016.10.007
https://doi.org/10.1016/j.biortech.2016.03.075
https://doi.org/10.1016/j.wasman.2015.07.002
https://doi.org/10.1016/j.wasman.2015.07.002
https://doi.org/10.1016/j.joei.2018.01.009


Pinto F, Lopes H, André RN, Dias M, Gulyurtlu I, Cabrita I (2007) Effect
of experimental conditions on gas quality and solids produced by
sewage sludge co-gasification. 1. Sewage sludge mixed with coal.
Energ Fuel 21:2737–2745. https://doi.org/10.1021/ef0700836

PN-EN 15402 (2011) Solid secondary fuels – Determination of volatile
matter content.

PN-EN 15403 (2011) Solid secondary fuels – Determination of ash
content.

Potocnik J (2013) Towards the circular economy – economic and busi-
ness rationale for an accelerated transition. Foundation, Ellen
MacArthur

Regulation (EC) No 2003/2003 of the European Parliament and of the
Council of 13 October 2003 relating to fertilisers.

Rigueiro-Rodriguez A, Amador-Garcia A, Ferreiro-Dominguez N,
Munoz-Ferreiro N, Santiago-Freijanes JJ, Mosquera-Losada MR
(2018) Proposing policy changes for sewage sludge applications
based on zinc within a circular economy perspective. Land use pol-
icy 76:839–846. https://doi.org/10.1016/j.landusepol.2018.03.025

Samolada MC, Zabaniotou AA (2014) Comparative assessment of mu-
nicipal sewage sludge incineration, gasification and pyrolysis for a
sustainable sludge-to-energymanagement in Greece.WasteManage
34:411–420. https://doi.org/10.1016/j.wasman.2013.11.003

Seggiani M, Vitolo S, Puccini M, Bellini A (2012) Cogasification of
sewage sludge in an updraft gasifier. Fuel 93:486–491. https://doi.
org/10.1016/j.fuel.2011.08.054

Skorek-Osikowska A, Uchman W, Werle S (2017) Modelling of energy
crops gasification based on experimental data. Architecture Civil
Eng Environ 10:135–141

Smol M, Kulczycka J, Henclik A, Gorazda K, Wzorek Z (2015) The
possible use of sewage sludge ash (SSA) in the construction industry
as a way towards a circular economy. J Clean Prod 95:45–54. https://
doi.org/10.1016/j.jclepro.2015.02.051

Statistical Yearbook of the Regions – Poland (2016) Central Statistical
Office.

Stelmach S, Wasilewski R (2012) Air gasification testing of waste frac-
tion from compost sieving. ArchWaste Manag Environ Prot 14:89–
94

Syed-Shatir A, Syed-Hassan Am Wang Y, Song H, Sheng S, Jun X
(2017) Thermochemical processing of sewage sludge to energy
and fuel: Fundamentals, challenges and considerations. Renew
Sust Energ Rev 80:888–913. https://doi.org/10.1016/j.rser.2017.05.
262

Thomsen TP, Sárossy Z, Ahrenfeldt J, Henriksen UB, Frandsen FJ,
Müller-Stöver DS (2017) Changes imposed by pyrolysis, thermal
gasification and incineration on composition and phosphorus fertil-
izer quality of municipal sewage sludge. J Environ Manage 198:
308–318. https://doi.org/10.1016/j.jenvman.2017.04.072

Uchman W, Werle S (2016) The use of low-calorific value gases in en-
vironmental protection engineering. ACEE Archit Civil Eng
Environ 9:127–132

Viader RP, Jensen PE, Ottosen LM, Ahrenfeldt JM, Hauggaard-Nielsen
H (2015) Electrodialytic extraction of phosphorus from ash of low-
temperature gasification of sewage sludge. Electrochim Acta 181:
100–108. https://doi.org/10.1016/j.electacta.2015.05.025

Vonk G, Piriou B, Felipe Dos Santos P, Wolbert D, Vaïtilingom G (2019)
Comparative analysis of wood and solid recovered fuels gasification
in a downdraft fixed bed reactor.WasteManage 85:106–120. https://
doi.org/10.1016/j.wasman.2018.12.023

Werle S (2013) Sewage sludge gasification: Theoretical and experimental
investigation. Environ Prot Eng 39:25–32. https://doi.org/10.5277/
EPE130203

Werle S (2014) Impact of feedstock properties and operating conditions
on sewage sludge gasification in a fixed bed gasifier. Waste Manage
Res 32:954–960. https://doi.org/10.1177/0734242X14535654

Werle S (2015) Sewage sludge-to-energymanagement in Eastern Europe:
a Polish perspective. Ecol Chem Eng S 22:459–469. https://doi.org/
10.1515/eces-2015-0027

Werle S, Dudziak M (2013) Evaluation of toxicity of sewage sludge and
gasification waste-products. Przem Chem 92:1350–1353

Werle S, Dudziak M (2014) Analysis of organic and inorganic contami-
nants in dried sewage sludge and by-products of dried sewage
sludge gasification. Energies 7:462–476. https://doi.org/10.3390/
en7010462

Werle S, Dudziak M (2015) The assessment of sewage. sludge gasifica-
tion by-products toxicity by ecotoxicologal test. Waste Manag Res
33:696–703. https://doi.org/10.1177/0734242X15576025

Werle S, Wilk RK (2011) Polish patent biomass gasification installation,
mainly for sewage sludge. No. P-397225:2.12.2011

Werle S, Dudziak M, Grübel K (2016) Indirect methods of dried sewage
sludge contamination assessments. J Environ Sci Health A Tox
Hazard Subst Environ Eng 51:754–758. https://doi.org/10.1080/
10934529.2016.1170449

Wilfert P, Dugulan AI, Goubitz K, Korving L, Witkamp GJ, Van
Loosdrecht MCM (2018) Vivianite as the main phosphate mineral
in digested sewage sludge and its role for phosphate recovery. Water
Res 144:312–321. https://doi.org/10.1016/j.watres.2018.07.020

World Population Prospects 2017 (2017) https://esa.un.org/unpd/wpp/
Download/Probabilistic/Population/

Zhang J, Tian Y, Yin L, Zhang J, Drewes JE (2018) Insight into the effects
of biochar as adsorbent and microwave receptor from one-step mi-
crowave pyrolysis of sewage sludge. Environ Sci Pollut Res 25:
18424–18433. https://doi.org/10.1007/s11356-018-2028-9

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Environ Sci Pollut Res (2019) 26:35422–3543235432

https://doi.org/10.1021/ef0700836
https://doi.org/10.1016/j.landusepol.2018.03.025
https://doi.org/10.1016/j.wasman.2013.11.003
https://doi.org/10.1016/j.fuel.2011.08.054
https://doi.org/10.1016/j.fuel.2011.08.054
https://doi.org/10.1016/j.jclepro.2015.02.051
https://doi.org/10.1016/j.jclepro.2015.02.051
https://doi.org/10.1016/j.rser.2017.05.262
https://doi.org/10.1016/j.rser.2017.05.262
https://doi.org/10.1016/j.jenvman.2017.04.072
https://doi.org/10.1016/j.electacta.2015.05.025
https://doi.org/10.1016/j.wasman.2018.12.023
https://doi.org/10.1016/j.wasman.2018.12.023
https://doi.org/10.5277/EPE130203
https://doi.org/10.5277/EPE130203
https://doi.org/10.1177/0734242X14535654
https://doi.org/10.1515/eces-2015-0027
https://doi.org/10.1515/eces-2015-0027
https://doi.org/10.3390/en7010462
https://doi.org/10.3390/en7010462
https://doi.org/10.1177/0734242X15576025
https://doi.org/10.1080/10934529.2016.1170449
https://doi.org/10.1080/10934529.2016.1170449
https://doi.org/10.1016/j.watres.2018.07.020
https://esa.un.org/unpd/wpp/Download/Probabilistic/Population/
https://esa.un.org/unpd/wpp/Download/Probabilistic/Population/
https://doi.org/10.1007/s11356-018-2028-9

	Gasification of sewage sludge within a circular economy perspective: a Polish case study
	Abstract
	Introduction
	Regulations concerning SS disposal
	Gasification as a SS conversion method
	Sludge-to-energy in the CE concept
	Poland—general information
	Forecasts for SS management in Poland

	Materials and methods
	Gasification experimental methodology
	Adsorption experiment methodology

	Results and discussion
	Ultimate and proximate analysis and occurrences of organic and inorganic contaminants
	Gasification experiments results
	Phosphorus recovery potential
	Adsorption process efficiency

	Conclusions
	References




