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ABSTRACT

As of now, the most common applications of sewage sludge treatment and disposal
methods globally are in agriculture and deposition in landfills. In particular, landfill
disposal causes problems associated with environmental pollution, as well as prob-
lems caused by the loss of the chance to recover energy and nutrients out of the
sewage sludge. The critical content of hazardous substances in the sewage sludge
makes its use in agriculture as fertilizer questionable. Thermal treatment methods
offer a solution to these problems because energy can be recovered and used, some
hazardous materials can be destroyed or removed, and valuable nutrients such as
phosphorus can be utilized in the generated products or recovered from these prod-
ucts. In a first step, the objective and scope of the study and especially the important
characteristics of the circular economy when considering sewage sludge treatment
possibilities is described. Based on these characteristics for the three investigated
thermal treatment methods — incineration, gasification and pyrolysis — a compara-
tive analysis on the basis of a suggested set of criteria (1. cost, 2. energy efficiency,
3. nutrient recovery, 4. product market value and 5. flexibility) was carried out. In
the result, incineration of sewage sludge performs best in terms of treatment costs,
energy efficiency, nutrient recovery, and flexibility concerning feedstock dry matter
content. Pyrolysis performs best in terms of market value of the generated products

1. INTRODUCTION

Due to the rapid development of the pharmaceutical
industry and the increasing consumption of emerging
contaminants such as personal care products, the com-
position of pollutants contained in municipal wastewater
has changed over the last years. The composition now
includes organic compounds, oil products, suspended
particles, heavy metals, pathogenic substances and chem-
ical contaminants. At the same time, conventional waste-
water treatment methods have remained unchanged for
decades in many cases. Mechanical and biological treat-
ment methods are most often used for cleaning municipal
wastewater, since they are most effective for removing the
above-mentioned contaminants. The conventional munici-
pal wastewater treatment scheme leads to the generation
of a large amount of paste-like waste — so-called wastewa-
ter sludge or sewage sludge.

Statistical data collected all over the world shows that
in general the amount of sewage sludge strongly depends
on the total population of a country as the specific sew-
age sludge production per person per year is more or less

and flexibility regarding plant size.

stable at the level of 25 kg of dry substance (UN-HABITAT,
2008). Thus, the expanding population in a number of de-
veloping countries such as China and India results in year-
ly increases in sewage sludge volume. At the same time,
higher-income countries may continuously improve infra-
structure and wastewater treatment technologies, produc-
ing increasingly larger masses of sewage sludge per coun-
try. Urbanization processes that occur in both developing
and developed countries lead to increases in the volumes
of water used in municipal economies; these processes
also result in a rise in total sewage sludge production.
Sewage sludge is a large-tonnage waste with some
specific characteristics caused by its high water content,
which hampers its final disposal. Sewage sludge contains
considerable amounts of nutrients, such as nitrogen and
phosphorus, but also a number of harmful contaminants,
e.g. inorganic pollutants: toxic heavy metals such as lead,
mercury, cadmium, copper and uranium; as well as organic
toxins such as dioxin, polychlorinated biphenyls, perfluo-
rinated surfactants, pharmaceutical residues, pathogens
and others (Erikson et al., 2007) that limit its application
as a fertilizer. Sewage sludge has high water content, and
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the moisture it contains is presented in several different
forms, including free water, pore water and colloid mois-
ture (bound water) (Deng et al., 2011). The latter in partic-
ular makes sewage sludge difficult to dewater. Dry solid
content of sewage sludge after a wastewater treatment
plant is only 1-3%, then the thickening process enlarges
this parameter to 3-5%, and mechanical dewatering results
in a maximum of 20-30% dry solid content. Only with the
use of thermal drying can sewage sludge dry solid content
be increased to approximately 92% (Stasta et al., 2006; Ug-
getti et al., 2009).

Until now, the most commonly used sewage sludge
treatment and disposal methods globally are its use in ag-
riculture after the thickening process, production and use
of compost after mechanical dewatering, and deposition in
landfills (Stasta et al., 2006). Even in some European coun-
tries, landfilling of sewage sludge is still the primary meth-
od of its disposal (see Figure 1). The disposal of sewage
sludge in landfills has a number of significant drawbacks,
including the necessity for sizeable lands; negative aes-
thetic impact; pollution of soil, surface and groundwater;
emissions of heavy metals into the environment; potential
risk of negative impact due to the presence of pathogen-
ic microflora; and loss of energy and material waste po-
tential — the latter mainly because of the irreparable loss
of valuable nutrients. Thus, the problems associated with
the landfilling of sewage sludge can be brought together
into two groups — firstly, problems associated with envi-
ronmental pollution, and secondly, problems caused by the
lost potential to recover energy and/or nutrients out of the
sewage sludge.

According to the integrated waste management hi-
erarchy presented in the Directive 2008/98/EC on waste
(the so-called Waste Framework Directive), landfilling is
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the least preferable means of waste treatment (Directive
2008/98/EC, 2008). If it is impossible to prevent generation
of a certain type of waste at all, it is advisable to ensure
reuse of the waste, followed by the use of its material or
energy potential. An alternative to landfilling can be the use
of sewage sludge in agriculture as a fertilizer, or for the res-
toration of disturbed lands, either pre-dried or composted.
This ensures recovery of nutrients contained in sewage
sludge to the natural metabolic cycles but does not solve
the problem of environmental pollution by harmful sub-
stances. Some of these contaminants can be removed by
means of thermal treatment methods that allow not only
significant reduction of the negative environmental impact
of untreated sewage sludge but also utilization of its ener-
gy potential (Houillon and Jolliet, 2005).

In recent years both landfilling of sewage sludge and
its use in agriculture are being significantly reduced in EU
member states due to the restrictions of respective piec-
es of EU legislation (Lundin et al., 2004; Smol et al., 2015;
Valderrama et al., 2013).

Consequently, scientific research aimed at evaluat-
ing efficiency and searching for the optimal technolog-
ical parameters for processes of sewage sludge thermal
treatment have become in demand. However, at present,
the use of thermal methods for the processing of sewage
sludge is practiced only in a few countries around the world
(Raheem et al., 2018; Pavlik et al., 2016).

The reasons for limited application of thermal treat-
ment methods and such a wide use of sewage sludge
landfilling are primarily economic. In this paper, an attempt
has been made to prove the efficiency of the application of
sewage sludge thermal treatment methods on a broader
scale than an individual economic entity or a waste recy-
cling plant. To do so, the authors have analyzed three wide-
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FIGURE 1: Municipal sewage sludge disposal by type of treatment in Europe, 2015 (Eurostat, 2015).
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ly known sewage sludge thermal utilization methods in the
circular economy context, which implies maximum extend-
ed retention of product added value and exclusion of waste
generation where possible.

2. METHODOLOGICAL APPROACH

2.1 The objective and the scope of the study

The main objective of the study was to evaluate the
efficiency of the use of thermal sewage sludge treatment
methods within the framework of a circular economy. The
subject matter of the study is the three most widely used
thermal waste treatment methods, namely incineration,
gasification and pyrolysis. The scope of the study per-
formed was the comparative assessment of these three
methods applied for sewage sludge treatment on the basis
of the concept of a circular economy.

In order to achieve the main objective, the following
tasks were formulated:

To examine the concept of circular economy in order
to define the place and the role of waste management
within it;

To analyze the model of circular economy, defining its
main characteristics and differences from the conven-
tional “linear” economy model;

To specify the main characteristics of a circular econo-
my with regard to the subject matter of the study and to
draw up a set of evaluation criteria for the assessment
of sewage sludge thermal treatment methods in the
context of circular economy;

+ To carry out a comparative analysis of the considered
sewage sludge thermal treatment methods on the ba-
sis of the suggested set of criteria and to select the
most advantageous method.

2.2 The concept of circular economy and its main
characteristics

The circular economy concept was chosen as a basis of
analysis since it is one of the priority concepts of economic
development underlying the current European policy in the
field of environmental protection. To ensure the transition
to a circular economy, the European Commission has devel-
oped an Action Plan for the Circular Economy, in which four
key action areas have been defined (European Commission,
2015). In the case of sewage sludge, the study should be
focused only on two key areas of this action plan: waste
management and secondary raw materials.

Waste management and the recovery of secondary raw
materials play a central role in a circular economy. As it is
specifically indicated in the action plan, the EU waste hier-
archy should be applied so that the options that deliver the
best environmental outcome are encouraged. Biological
materials are to be returned to the natural metabolic cycles
after the necessary pre-treatment, such as composting or
digestion. The waste that cannot be prevented or recycled
is to be used for the recovery of its energy potential, which
is considered preferable to landfilling. The introduction of
secondary raw materials into the economy is considered
a positive factor that extends the security of supply. This

would mean fewer risks connected to exposure to vola-
tile raw material prices, and also fewer risks connected to
unstable supply because of sudden natural disasters or
changes in geopolitical situations. Nutrients are indicated
as an especially important category of the secondary raw
materials produced out of waste (Ellen McArthur Founda-
tion, 2013).

When considering the transition to a circular economy
concept in general, the application of systems thinking is
extremely important. Transformation of waste into second-
ary raw materials ensures reorganization of linear material
flows of a conventional economy into circular flows, where
waste generation is excluded. Systems thinking should be
taken into account when evaluating the efficiency of differ-
ent sewage sludge treatment methods.

Another important feature of a circular economy arises
from one of the main subjects it addresses, namely waste,
which can contain harmful or hazardous pollutants. In the
case of sewage sludge, there is a risk associated with pos-
sible negative impacts to the environment by pathogenic
substances, endocrine disrupters, heavy metals and the
accumulation of heavy metals in living organisms.

Summiarizing the conducted study of circular econo-
my and its basic characteristics, keeping in mind pecu-
liar properties of the considered type of waste, sewage
sludge, the following features demonstrating the circular
nature of the given sector of economic activity can be sin-
gled out:

- Exclusion of waste disposal in landfills;
Exclusion of pollutant emissions into the environment;
Reuse/recycling/energy recovery out of the waste;
Reduced input of primary natural resources, fossil fuels
and electricity in comparison with the traditional model
of the economy;
Application of systems thinking, when at individual
stages of a product life cycle, different enterprises, ser-
vice providers or even allied industries are involved;
Exclusion of accumulation of hazardous substances in
the environment and living organisms.

The selected characteristics of a circular economy will
be considered in further detail in the analytical part of the
paper. An overview of the highlighted important aspects of
the circular economy and some known examples of their
implementation with sewage sludge (SS) as an object of
treatment, as well as the associated risks, are presented
in Figure 2.

2.3 Criterion model for the assessment of sewage
sludge thermal treatment methods

A preliminary rough examination of sewage sludge
treatment methods, performed above, shows that thermal
treatment methods meet a number of requirements for the
handling of waste within the framework of a circular econ-
omy. These methods allow energy to be recovered from
waste, natural resources (such as land) to be saved, and
valuable by-products to be gained for use as raw materials
or marketable products in various industries (Cieslik and
Konieczka, 2017; Vadenbo et al., 2014). In order to arrange
and specify this information, it was necessary to carry out
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FIGURE 2: Important characteristics of a circular economy when considering sewage sludge treatment possibilities. Abbreviations: A:

assumptions; R: risks; SS: sewage sludge.

a comparative analysis of thermal sewage sludge treat-
ment methods in the context of a circular economy.

The comparative analysis was carried out on the basis
of a criterion model. The subject of analysis was three ther-
mal methods of sewage sludge treatment — incineration,
gasification and pyrolysis.

When developing the criteria, a number of important
aspects of circular economy were taken into account, such
as the minimum possible energy input in waste treatment
processes (energy efficiency), the maximum retention of
value in the economy, removal of pollutants from the ma-
terial cycle, and the possibility for the recovery of nutrients
contained in the waste (Alvarenga et al.,, 2015; Li et al.,
2017). In addition, since sewage sludge thermal treatment
methods are considered more costly and more technically
complex than the disposal of sewage sludge at landfills or
its application in agriculture, the criteria also concern the
cost-benefits and technical feasibility of using a particular

method. The purpose of the analysis was to identify the
sewage sludge thermal treatment method which was the
most preferable in the context of a circular economy, and
also the most economically and technically feasible.

The following five criteria were developed for carrying
out the comparative analysis:

Costs of waste treatment using the selected method;
Energy efficiency of the processing scheme;
Recovery of nutrients;

Market value of products/by-products;

Flexibility when applying the method.

agpwd =

When performing the analysis, assessments for indi-
vidual criteria were given in the ranges of the correspond-
ing units. For example, costs were assessed in euros
per ton of treated dry material per year, energy balance
in megawatts (MW). After the comparative analysis was
performed, a rating of the three thermal treatment meth-
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ods was assigned on a three-level scale “Best - Average
- Worst”.

3. COMPARATIVE ANALYSIS OF THERMAL
SEWAGE SLUDGE TREATMENT METHODS

3.1 Costs of waste treatment using the selected
method

Costs of waste treatment using a particular thermal
method differ markedly from country to country. Moreover,
when comparing the expenditure for waste treatment with
the use of different methods, it is necessary to take into
account a number of technical aspects, such as:

The type of equipment used (facilities designed specif-
ically for the processing of sewage sludge, or standard
equipment used in other industries);

+  Treatment of the certain type of waste exclusively or
co-processing of sewage sludge and other wastes
such as municipal solid waste.

When this study was conducted, the literature data on
the results of thermal treatment of sewage sludge only (no
co-processing with other types of waste) with the use of
the equipment specifically designed for this type of waste
was analyzed.

3.1.1 Incineration

The following financial numbers for incinerating sew-
age sludge include the thermal drying process at the in-
cineration plant as well as the flue gas cleaning to reach
European emissions limits (usually based on dry sorption
and a bag filter).

The biggest known fluidized bed incineration plant for
sewage sludge in Hong Kong has 4 lines with a capacity
of 45,000 Mg/a dry substance (ds) (for 6.2 million people),
and the smallest plant has one line with 2,000 Mg/a dry
substance (for 70,000 people).

(Frank and Schréder, 2014) as well as (Glatzer and Frie-
drich, 2015) report the following financial figures to flui-
dised bed incineration plants with the capacities of 35,000,
4,000 and 2,000 Mg dry substance/a. The plant with the
capacity of 35,000 Mg produces electricity and heat by a
steam boiler and a steam turbine with a generator. The
smaller plants produce heat only by a thermal oil boiler be-
cause the generation of electricity in smaller plants is very
inefficient from an economic point of view.

As shown in Table 1, the biggest plant (35,000 Mg
ds/a for approx. 1.2 million people) is, with 157 euros/Mg
treated dry substance, much more economically efficient
than smaller plants (2,000 Mg or 4,000 Mg ds/a for 70,000-

140,000 people) with about 500 euros/Mg ds.

3.1.2 Gasification

No comparable data on the specific costs of gasifica-
tion were found for this paper. However, a general overview
of scientific literature allowed the authors to conclude that
the specific costs for gasification of sewage sludge signifi-
cantly exceed the specific costs of incineration and pyrol-
ysis (Mills, 2015; EPA, 2012). This is due to both the high
cost of equipment and the complexity of maintaining the
gasification process itself.

3.1.3 Pyrolysis

When thermally treating sewage sludge with the use of
pyrolysis technology, a significant downscaling is possible.
(CORDIS, 2017) gives the data on a small-scale pyrolysis
plant with the capacity of a maximum 200 Mg of sewage
sludge per year. The system thermally dries the dewatered
sewage sludge and uses pyrolysis technology to convert
it into biochar and gas by-products. To reduce the energy
consumption, the energy contained in the sewage sludge
is recovered and reused. The pyrolysis syngas is burned in
a gas engine, generating heat and electricity that is then
used in the system. The waste heat from the gas engine
is reused in the dryer. The estimated average costs of the
sewage sludge treatment is 400-650 euros/Mg treated dry
substance.

The analysis of another study with a larger installation
for the pyrolysis of sewage sludge with a capacity of 155.7
kg ds/h, assuming that the operating time of the plant is
7,000 h/a (hence the annual capacity is approx. 1,000 Mg
ds), shows that, depending on the selected mode (the most
costly one is when, after the pyrolysis reactor, the electric-
ity is produced in an externally fired micro gas turbine and
organic ranking cycle motor), the maximum specific costs
of sewage sludge treatment are 183 euros/Mg ds (Morga-
no et al., 2016).

It should be emphasized that in order to carry out a
comprehensive estimation of expenditures, in addition to
the above mentioned technical aspects, a number of other
factors that significantly affect the cost of treatment using
the selected thermal method should be taken into account,
including:

Costs of land acquisition;
Operation scale (smaller scale can significantly in-
crease the costs, as shown above);
Legal requirements for flue gas treatment and pollut-
ants quotas;

+ Requirements and possibilities for treatment and dis-

TABLE 1: Economic comparison of different plant sizes for stationary fluidised bed incineration (Glatzer A. and Fiedrich M., 2015; Franck

J. and Schroeder L., 2014).

Capacity/throughput 35,000 Mg ds/a

4,000 Mg ds/a 2,000 Mg ds/a

Capital costs 35 million Euro

12 million Euro 6.6 million Euro

Running costs 5.5 million Euro/a

1 million 1 million Euro/a

Specific costs * 157 Euro/Mg ds

487 Euro/Mg ds 510 Euro/Mg ds

* Specific costs include all the costs related to the certain plant, i.e. capital costs and running costs, calculated per ton of dry substance.
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posal/recovery of ash residues;
Efficiency of energy recovery, and the revenue received
for the heat/electricity produced;

+  Taxes levied on emissions and subsidies received for
thermal treatment (if any);
Logistics and availability of infrastructure required for
the delivery of waste;

+ Insurance, administration and personnel costs (IPPC,
2006).

3.2 Energy efficiency of the processing scheme
3.2.1 Incineration

During the incineration process, combustible material
is oxidized and energy is released as thermal energy in the
flue gas. Only small amounts of energy (approx. 5%) are
lost by radiation over the surface of the incinerator and the
boiler as well as heat in the filtered ashes. In bigger flu-
idized bed incinerators approx. 80% of the energy of the
flue gas is recovered by a boiler, and the generated steam
is used to produce electricity (electrical efficiency up to
20%) and heat for the drying of the sewage sludge and for
district heating (heat efficiency up to 60%) (OWAV, 2013;
Brunner P. and Rechenberger H., 2015). In smaller plants,
the generation of steam and the production of electricity
are economically inefficient, so only heat is recovered from
the flue gas by a thermal oil boiler for the drying of sewage
sludge and the generation of some district heating. Table 2
shows energetic data for different plant sizes.

The plants with capacities of 35,000 and 4,000 Mg ds/a
produce electricity of 1.4 MW (approx. 11,000 MWh/a) and
0.12 MW (900 MWh/a), respectively. Only the one with the
capacity of 35,000 Mg ds/a finally exports, after its own
consumption, approx. 0.4 MW (approx. 5,000 MWh/a). The
small plant produces no electricity but uses at least the
produced energy to cover the heat for drying the sewage
sludge.

3.2.2 Gasification

During the gasification process organic substanc-
es are converted to syngas and the inert material to ash.
Gasification is carried out with substoichiometric oxygen
and in some cases also with additional external heat. The
energy for the thermal drying of mechanically dewatered
sewage sludge (75-90% of dry substance is necessary for
the gasification process) is realized by the utilization of the
produced syngas. In Germany two plants for the gasifica-
tion of sewage sludge are in operation. One plant has a ca-
pacity of approx. 2,000 Mg ds/a and the other one approx.

4,500 Mg ds/a.

Both plants are based on a two stage gasification
process where sewage sludge (dry content 85-95%) is
conveyed from the silo, together with limestone, to a ther-
molysis screw feeder. The products, thermolysis gas as
well as carbon and ash generated during thermolysis, are
conveyed to a fluidized-bed gasifier. In the second stage
of gasification, the carbon is converted under substoichio-
metric conditions into gas, and the long-chain molecules
(so-called tar) of the thermolysis gas are cracked. The pro-
duced syngas is, after treatment (gas cleaning), used to run
a gas engine to generate combined heat and power (Figure
3). Surplus gas can be used in a combustion chamber to
generate heat (Siilzle Kopf, 2017).

Based oninformation from the manufacturer, for a plant
with 4,500 Mg ds/a (2.3 MW), electricity of 4,200 MWh/a
(0.6 MW) and heat of 5,500 MWh/a (0.8 MW) can be pro-
duced. Operators of wastewater treatment plants (gasifi-
ers are connected to the WWTP) only give information that
with the recovered energy, the plants’ own consumption for
sewage sludge drying and operation of the gasifier can al-
most be covered. The gasification process, finally, has an
almost equal energy balance for the thermal treatment of
anaerobically stabilized and mechanically dewatered sew-
age sludge. No surplus energy can be exported from the
process.

3.2.3 Pyrolysis

Pyrolysis of sewage sludge is in most cases connected
to a final combustion of the pyrolysis gas in an afterburner
chamber. In theory it is also possible to treat the pyrolysis
gas to run gas engines or gas turbines. Another option is to
run the pyrolysis process so as to produce more oil instead
of gas. In some applications the produced char out of the
pyrolysis step is further used as a product; in other cases
the char is incinerated in a second step to directly recover
the residual energy, and an inert ash is the final product
(EISENMANN, 2017).

In Europe only a small number of plants for sewage
sludge pyrolysis are in operation, with two different pro-
cesses. The first needs an input of sewage sludge with a
dry substance of at least 65% and performs the pyrolysis
at 600°C. The produced bio-char is removed as a product
and the pyrolysis gas is incinerated in a combustion cham-
ber at 1,100°C (Figure 4). The energy of the produced flue
gas is used to heat the pyrolysis reactor and to dry the me-
chanically dewatered sewage sludge to 65% dry substance
(Greenlife, 2017).

From 500 kW sewage sludge input, the entire plant (ca-

TABLE 2: Energy balance of different plant sizes for stationary fluidized bed incineration (Franck J., 2015; Franck J. and Schroeder L., 2014;

Franck J and Schroeder L, 2015; Glatzer A. and Friedrich M., 2015).

Capacity/throughput 35,000 Mg ds/a 4,000 Mg ds/a 2,000 Mg ds/a
Thermal input 14.5 MW 1.9 MW 0.95 MW
Energy for drying 7 MW 0.7 MW 0.43 MW
Produced electricity 1.4 MW

Electricity consumption 1MW 0.11 MW 0.07 MW
Delivered electricity 0.4 MW -
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FIGURE 3: KOPF SynGas utilisation process (Siilzle Kopf, 2017).

pacity of 1,000 Mg/a ds) produces about 150 kW flue gas
heat that is used for the heating of the pyrolysis chamber
and drying of sewage sludge. The plant is more or less
energy self-sufficient but needs an electrical input of ap-
prox. 7.5 kW (an amount which seems to be very small and
might concern only the pyrolysis reactor). The product of
the process is roughly 500 Mg/a bio-char (Greenlife, 2017).

The second process is based on the pyrolysis of 90%
dry substance sewage sludge at 300-350°C and the com-
bustion of the produced coke at 650°C. The produced flue
gas of the combustion is used to heat the pyrolysis and is
then after-burned with the pyrolysis gas at 900°C. The en-
ergy of the produced flue gas of the afterburner chamber is
transferred by a thermal oil heat exchanger to the drying of
the dewatered sewage sludge (Figure 5). The final product
out of the process is inert ash (EISENMANN, 2017).

The plant has a capacity of approx. 4,000 Mg/a ds
(approx. 2,000 kW). Small amounts of external fuel in the
form of natural gas (260 kW) are used to ensure a flue gas
temperature that heats the pyrolysis and the afterburner
chamber. After energy losses, approx. 2,000 kW of flue gas
is produced to dry the dewatered sewage sludge (approx.
21% ds) to 90% ds. For this thermal drying, approx. 1,000
kW of additional external thermal energy is necessary
(Neumann and Tittesz, 2011; EISENMANN, 2017). No in-
formation about the plant’s own consumption of electricity
is available; based on the size of the plant, 100 kW is esti-
mated.

Finally, it can be stated that the energy balance of the
pyrolysis of sewage sludge is negative. The overall pro-

cess, from the drying of the mechanically dewatered sew-
age sludge to the final treatment of the flue gases, needs
more energy than can be recovered out of the process.

3.3 Recovery of nutrients
3.3.1 Incineration

During the combustion process, organic pollutants,
endocrine disruptors and pathogens contained in sewage
sludge are destroyed, and volatile heavy metals such as
quicksilver are transferred to the flue gas. The nutrients,
especially phosphorus, are not transferred in the form of
gaseous compounds to the flue gas and are kept in the in-
cinerator ash. In fluidized bed incinerators most of the gen-
erated ashes have a very small particle size and are trans-
ported with the flue gas flow. Commonly, these fly ashes
are removed by a filter (usually an electric precipitator)
(Wiechmann et al., 2013; Outotec, 2016; Infraserf, 2018).

The content of phosphorus in these ashes is up to 20%
by mass as P,0, (the amount of phosphorous in this sub-
stance is 43.6% by mass, so finally up to 8.6% by mass as
P in the ash) and is therefore much higher than in sewage
sludge (Adam et al., 2009). The phosphorus contents ob-
tainable in the sewage sludge ash are about 50 to 70%
less than the phosphate contents of crude phosphate fer-
tilizer or triple superphosphate, which is still high (Waida
et al., 2010). However, during the combustion process
the phosphorus is transferred into low-solubility mineral
phases with low plant availability. It is therefore required
to transfer the phosphate by means of a suitable thermo-
chemical reaction to a plant-available form (Drissen, 2012).
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After technical preparation (e.g. PASCH (Pinnekamp et al.,
2010), RecoPhos (Weigand et al., 2013), EcoPhos (DeRuit-
er, 2014), LEACHPHOS (Buehler and Schlumberger, 2014),
MEPHREC (Gruener and Reinmoeller, 2016) or Ash-Dec
(Nowak et al., 2011), theoretically over 90% of phosphorus
that is contained in sewage sludge can be recovered (Egle
et al., 2016). Assuming 90% of the phosphorus contained
in the wastewater in the sewage sludge is eliminated, a re-
cycling potential of up to 80% of the phosphorus load in the
inlet of the sewage treatment plant can be achieved.

3.3.2 Gasification

After sewage sludge gasification, phosphorus can
also potentially be recovered from the ash (Gorazda et al.,
2018). Recovery of nitrogen is not possible as it is diluted in
the form of N, in produced syngas (Winkler, 2012). At Kopf
gasification plant (Balingen, Germany), it is reported that
phosphorus out of the mineral granulate, produced from
the slag, can be recovered (EPA, 2012).

3.3.3 Pyrolysis

With the application of the pyrolysis process it is pos-
sible to save nutrients by converting sewage sludge into
a carbon-phosphorus fertilizer. A pyrolysis plant with a ca-
pacity of 4,000 Mg/a of dewatered sewage sludge (25% ds)
produces some 500 Mg/a of biochar (Greenlife, 2017). The
most interesting property of the biochar is its resistance to
biological and physical degradation when incorporated into
soils, thus conferring other properties (e.g., nutrient and
water retention, microbial activation, liming, and others)

that improve soil functions over time periods from decades
to centuries. Thus, biochar can be used in soil conditioning.

Depending on the nature of the sewage sludge feed-
stock, the nitrogen and calcium content in pyrolysis bio-
char allow for its consideration as a potential fertilizer. The
investigations also show high phosphate content of bio-
char, which exceeds the minimum EU standard for phos-
phate fertilizers (CORDIS, 2017). However, the heavy metal
content of biochar can limit its agricultural application de-
pending on the national legal requirements.

3.4 Market value of products/by-products
3.4.1 Incineration

During the incineration process, sewage sludge is com-
busted and the energy is recovered as heat and electricity.
These “products” are first of all used to cover the inciner-
ation plant’'s own consumption; the residuary amounts of
energy can be sold. The fluidised bed material containing
some small amount of ash has no market value but can be
used in road construction for example, or to produce oth-
er construction materials. The residues from the flue gas
cleaning can be cost-intensively disposed of or can also
be cost-intensively stabilized and further used in the con-
struction industry, e.g. for cement production, in the manu-
facture of building ceramics, or as a substitute for sand or
cement in road construction (Smol et al., 2015).

Currently, the recovery of phosphorus out of fly ashes
is even more expensive than the production of phosphorus
out of phosphorus ores; the former is therefore not eco-
nomically feasible. At the same time, a price increase is ex-
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pected for phosphorus from natural deposits in the future
and a reduction of costs for phosphorus recovery (thanks
to learning effects and up-scaling) out of sewage sludge
(Cieslik and Konieczka, 2017; Guedes et al., 2014; Tan and
Lagerkvist, 2011). This makes the ashes already valuable
enough to landfill the material on separate sites in order to
get it back when phosphorus recovery becomes economi-
cally feasible.

3.4.2 Gasification

The main useful product of sewage sludge gasifica-
tion is syngas. Syngas can be directly used for the neces-
sary thermal drying of sewage sludge to a dry substance
between 75 and 90% (closed coupled gasification), or to
generate electricity and heat in a gas turbine or a gas en-
gine (two stage gasification). For utilization in gas turbines
and gas engines, the syngas has to be treated (cleaned);
for gas turbines the syngas also needs a minimum heating
value of approx. 17.0 MJ/Nm? and needs to be pressurized.
Usually, as compared to other types of fuel such as biogas
or natural gas, the energy content of syngas is three to five
times lower (Winkler, 2012).

A study in which a comparative analysis of the efficien-
cy of sewage sludge gasification and pyrolysis was con-
ducted shows that when the pyrolysis process is operated
at relatively high temperatures (>800°C), the obtained pro-
portion of combustible gases (78%) is even higher than the
proportion after the gasifier (42%). It was also determined
that, relative to gasification, the pyrolysis process produces
larger concentrations of gases with higher combustion en-

thalpies and also includes a small quantity of ethane. The
combination of these factors means that a syngas pro-
duced in the pyrolysis process has twice as much calorific
value as the one after the gasifier (Mills, 2015).

Slag from a high temperature gasifier is non-leachable,
non-hazardous and typically suitable for use in construc-
tion materials. For example, at Kopf gasification plant in
Balingen, Germany, mineral granulate produced out of slag
is used for asphalt and construction materials (EPA, 2012).

3.4.3 Pyrolysis

During pyrolysis, as a result of the heating of sewage
sludge in an anoxic environment, a chemical decompo-
sition of the organic component of sewage sludge takes
place to form solid char containing pyrolytic carbon and
mineral components. In addition, pyrolysis gases are
generated, some of which are capable of condensing
and forming a liquid fraction, while the remaining part is
a combustible gas. Gaseous non-condensable pyrolysis
products can be used in the thermal desorption process
itself as a fuel to maintain the required temperature and the
auto-thermal process. The condensed pyrolysis gas is an
oily water-miscible liquid and is a fraction of hydrocarbons
with a boiling point of 200-440°C. It is known that hydrocar-
bons with a boiling point up to 400°C (C12-C22) are used
as diesel or boiler fuel. This liquid phase does not contain
toxic heavy metals, such as lead or mercury; the content
of aromatic compounds (benzene, toluene, ethylbenzene,
n-xylene and o-xylene) does not exceed their concentra-
tions in the fuel oil. The calorific value of a fuel containing
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hydrocarbons with a boiling point of 200-400°C is 35,000-
40,000 kJ/kg. Pyrolysis processes are typically operated to
maximize the bio-oil yield. The energy potential of such bio-
oil from condensed pyrolysis gases can be used for drying
sewage sludge or for creating the necessary temperature
for pyrolysis, which leads to a significant reduction in op-
erating costs. Alternatively, this bio-oil can be upgraded to
transportation fuel. The oil, once refined, can be stored and
transported (Cao, 2011; Kim, 2008).

Solid char formed during pyrolysis is half composed of
pyrolytic carbon. The significant content of pyrolytic car-
bon in solid char and the determination of the total porosity
by moisture capacity allow one to assume that it has sorp-
tion properties. High hydrophobicity and sufficient sorbent
oil capacity of the solid char mean it can be recommended
as a sorbent for extracting oil and petroleum products from
water and absorbing oil spilled on solid surfaces during ac-
cidental spills of petroleum products (Spinosa et al., 2011;
Khodyashev et al., 2009).

An alternative application of the biochar generated out
of sewage sludge pyrolysis is apparent from the phosphate
content of the material, which is well above the minimum
EU standard for phosphate fertilizers. Potential biochar fer-
tilizer values are to be exploited also with regard to its ni-
trogen and calcium content, depending on the exact nature
of the feedstock sewage sludge (CORDIS, 2017; Spinosa
et al., 2011). The limitation of the agronomic properties of
the biochar can be related to the heavy metal content of
the product and should be thoroughly investigated in each
particular case.

3.5 Flexibility when applying the method
3.5.1 Incineration

Incineration of sewage sludge in a fluidized bed is only
possible under the precondition of a minimum heating val-
ue of 3,000-4,000 MJ/Mg wet substance (depending on
the pre-heating temperature of the primary air) for reaching
an auto-thermal combustion. Depending on the sewage
sludge quality (pre-digested or not, degree of stabilisation,
content of organics and carbon), the mechanically de-
watered sewage sludge of usually 20-35% dry substance
content has to be thermally dried to a minimum of 40%
dry substance. If the incineration plant is situated near a
sewage treatment plant or if the delivered sewage sludge
is just mechanically dried, a thermal drying step has to be
included in the treatment process. This thermal drying can
be achieved with some extra effort by the energy recovered
out of the incineration process (Franck J., 2015; Franck J.
and Schroeder L., 2014; Franck J. and Schroeder L., 2015;
Glatzer A. and Friedrich M., 2015).

A big disadvantage of the incineration process is low
flexibility in terms of downscaling. The smallest plants
have capacities of approx. 2,000 Mg ds/a (for approx.
70,000 people) with very high specific costs of more than
500 euros/Mg ds.

3.5.2 Gasification

There are only a small number of plants for sewage
sludge mono-gasification worldwide because of a techni-

cally highly demanding procedure, with high down times,
which is not very efficient in terms of energy or costs. The
syngas produced during the sewage sludge gasification
contains combustible components; it enables the use of
the syngas as a feedstock (through some reforming pro-
cesses), or as a fuel. The composition of the main combus-
tible components of the syngas (H, and CO) that defines
its lower heating value (LHV) depends on the amount of
the air supplied to the reactor. The optimum value of the
air ratio (A) equal to 0.18 leads to LHV taking its maximum
value and thus favors gasification resulting in combustible
gases, rather than the case of complete combustion with
an air supply that mainly produces CO, (Werle, 2016).

Depending on the technology used (fixed bed updraft
or downdraft gasifier, fluidized bed gasifier), the dry matter
content of the feedstock for gasification should be 45-50%,
more than 80-85% correspondingly (Winkler, 2012). Usu-
ally, water content in the sewage sludge treated with the
gasifier should be between 10-20%.

Both undigested and digested sewage sludge can be
treated using the gasification method, but undigested
sludge is preferable as it results in higher energy content of
the produced syngas (Winkler, 2012).

The scale of a gasification plant strongly depends on
the type of the gasifier used and the ranges from small
scales of 5 kW-20 MW for downdraft fixed bed gasifiers
up to 100 MW for circulating fluidized bed gasifiers (EPA,
2012). Economic feasibility of a gasification plant depends
electricity tariffs among other factors; some calculation
shows that a gasification plant becomes economically fea-
sible at a plant capacity of about 0.093 m?/s (raw sewage
flows) (Lumley et al., 2014).

3.5.3 Pyrolysis

During the pyrolysis of sewage sludge, (depending on
feedstock, pyrolysis temperature, pressure, retention time
and additives, and different amounts of gases) liquids and
solids are produced. For pyrolysis, the mechanically dewa-
tered sludge has to be thermally dried to a dry substance
between 65 and 90%.

Pyrolysis technology applied to sewage sludge is more
flexible in terms of downscaling than incineration or gas-
ification. Pyrolysis plants can be compact and used to
treat and dispose of the sewage sludge produced in small
municipalities (with fewer than 10,000 inhabitants). The
sludge load for such a compact plant can be up to 200 Mg
ds/a with specific cost of 400-650 euros/Mg ds (CORDIS,
2017).

4. RESULTS AND DISCUSSION

A comparative analysis of three se wage sludge ther-
mal treatment methods in the context of a circular econo-
my has been carried out using a criterion model consisting
of five criteria. To make the final evaluation, the results of
the analysis were aggregated in Table 3.

The costs of treatment in the cases of incineration
and gasification of sewage sludge strongly depend on the
scale of the plant; downscaling makes sense only if pyrol-
ysis technology is applied. If it is possible to use a large
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TABLE 3: Results of the comparative analysis of sewage sludge thermal treatment methods on the basis of the criterion model.

- 1. Cost of 2. Energy 3. Nutrient 4. Product market -
Criteria . 5. Flexibility
treatment efficiency recovery value
Plant Specific Plant Produced : Delivered Plants Prqducts Feed- Other
. costs, . L s own with no Valuable stock dry Down- .
capacity, euros/M capacity, : electricity, : electricity, consuMmD- market roducts matter scalin consider-
Mg DS/a 9 | MgDS/a MW MW sump P 9 ations
DS tion value content
2,000 510 2,000 N/a* N/a Potentially
up to 80% of
.5 4,000 487 4,000 N/a N/a phosp_horus Use 9f
s load in the ashin
5] sewage :I'::ttrii?td road Electricity Ai%':;)x' Limited -
% sludge can Y ¢ construc- N
£ 35,000 157 35,000 44 0.4 be recovered tion
from the fly
ashes
Examples of
c N ) . N/a phosphorus Use of
S o data available; recovery from .
2 R (and also N slag for Techni
k] the most expensive 0.8 MW the slag; Heat and asphalt Hardly cally com-
2 method according to 4,500 0.6 ¥ X potentially . Syngas 80-90% : .
= ? of heat is . electricity : and con- possible plicated
7] the general overview possible N
© - pro- struction process
(4} of literature phosphorus )
duced) materials
recovery from
the ash
200 400-650 1,000 N/a -0.0075 Bio-oil;
: Char for
» 01 Application the pro-
‘D ) of biochar for duction of
%' (and soil condi- Heat .and Sulfur sorbent 65-90% Possible -
also-1.0 electricit
> 183 4,000 N/a y tioning or as y and/or as
& MW of fertili il
thermal a fertilizer fj(i)tlio?](::-—
energy) Syngas

* N/a: not applicable

capacity plant (e.g., in a large city with a population of more
than a million people), incineration is the most preferable
technology in terms of costs. If it is necessary to use a
plant with a small capacity, pyrolysis is the most appropri-
ate technology for thermal treatment of sewage sludge.

When processing sewage sludge using each of the
three technologies considered, some heat and electricity
are generated; it can be utilized in the treatment process
itself or delivered to external consumers. The data ob-
tained when comparing the technologies on the basis of
the energy balance criterion made it possible to identify a
technology generating excess electricity that can be put on
the electricity market. Pyrolysis of sewage sludge in this
respect has negative characteristics: heat and electricity
produced are utilized completely in the plant for drying
sewage sludge and maintaining the auto-thermal process.
Additionally, some extra energy input is needed to maintain
the overall process from the drying of mechanically dewa-
tered sewage sludge to the final treatment of flue gases.
The energy generated during the gasification of sewage
sludge is also fully utilized in the plant itself, and no sur-
plus energy can be exported from the process. Export of a
certain amount of electricity is only possible with the use
of sewage sludge incineration, provided that the plant has
a sufficiently high capacity. The smaller incineration plants
produce no electricity but can at least cover the heat need-
ed for drying sewage sludge with the produced energy.

All three sewage sludge thermal treatment technolo-
gies considered are quite inefficient in terms of the pos-
sibility for nutrient recovery. The most promising method
under this evaluation criterion is incineration, where fly ash

can be used as a source of phosphorus, subject to the ap-
pearance of appropriately efficient and economically fea-
sible technologies for phosphorus recovery out of the ash.
The coke produced during the pyrolysis of sewage sludge
can be used directly as a fertilizer or as a soil conditioner,
as long as the level of heavy metals in the coke is accept-
able. There are some data on the extraction of phosphorus
out of gasification slag (Gorazda, 2018).

When evaluating the criterion of the market value
of products and by-products of sewage sludge thermal
treatment methods, three types of such products were
considered: products used in the treatment process itself,
environmentally safe products with zero market value and
products with market value. For all the three technologies
analyzed, the first type of products includes heat and elec-
tricity, which are used in the thermal treatment process it-
self and thus allow savings on primary energy resources.
If sewage sludge is incinerated at a high-capacity plant,
it may create some surplus electricity that can be put on
the market and thus become a market product. The main
marketable product of gasification of sewage sludge is
syngas. Its calorific value is low in comparison with oth-
er types of fuel; also, syngas has to be treated (cleaned)
and pressurized in order to be used in gas turbines and
gas engines. In the pyrolysis of sewage sludge, syngas is
also generated. In addition, the condensable gas fraction
has high caloric value and can be used as a boiler fuel or
fuel oil. Biochar produced during sewage sludge pyrolysis
shows the presence of sorption properties, which, taking
into account its hydrophobicity makes it possible to use
biochar as a sorbent in the liquidation of oil spills. The coke
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can also be used as a fertilizer or soil conditioner due to the
high content and plant availability of phosphorus, nitrogen
and calcium.

The main preconditions that determine the application
of a particular sewage sludge thermal treatment method
are the moisture content in the feedstock and the possi-
bility of using a low-capacity plant. Incineration is less
demanding on high contents of dry substance in the sew-
age sludge than gasification and pyrolysis. The gasifica-
tion method has not been widely used in the world due to
the technical complexity of maintaining the process. The
downscaling capabilities are limited when using incinera-
tion and gasification methods; the pyrolysis method can
be applied at a level of cost comparable with that of low
capacity installations.

Ultimately, the decision on the preferability of a certain
method of thermal sewage sludge treatment depends on
which of the presented criteria are of the highest impor-
tance for the decision maker. If all the criteria are equally
relevant (e.g., there is a state circular economy develop-
ment program, which includes subsidies for the implemen-
tation of appropriate technologies), the incineration meth-
od is actually the most optimal, taking into account the
principles of the circular economy.

5. CONCLUSIONS

The feasibility of using thermal methods for the treat-
ment of large-tonnage waste generated in the process of
traditional municipal wastewater treatment, namely sew-
age sludge, has been analyzed in the context of a circu-
lar economy. The concept of circular economy has been
studied, and its main characteristics with regard to sewage
sludge treatment have been identified, including the exclu-
sion of waste landfilling, pollutant emission and hazardous
substance accumulation, reuse/recycle/energy recovery
from waste, reduced input of primary natural resources,
and application of systems thinking.

Comparative analysis of three sewage sludge thermal
treatment methods (incineration, gasification and pyrol-
ysis) has been performed on the basis of the developed
criterion model. The analysis has shown that the most ad-
vantageous method for the criteria of cost of treatment,
energy efficiency, nutrient recovery and flexibility in terms
of feedstock dry matter content is incineration, whereas
the most preferable method for the criteria of product mar-
ket value and flexibility in terms of downscaling is pyroly-
sis. This makes incineration the most preferable sewage
sludge thermal treatment method in the context of a circu-
lar economy within the framework of the developed criteri-
on model, based on the assumption that all the criteria are
of equal importance.

The results of this study could be used for establishing
an effective sewage sludge management system at a re-
gional or state level. In further studies, the authors plan to
carry out a quantitative comparison of material flows and
to develop corresponding diagrams for each of the three
considered thermal treatment technologies. In addition, it
is planned to assess the costs of sewage sludge treatment
using thermal treatment methods taking into account the

revenues from the sale of generated market products and
by-products, as well as the costs incurred when disposing
sewage sludge at landfills.
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