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Abstract: The management and disposal of sewage sludge is becoming a growing concern at the
global level. In the past, the main goal was to completely eliminate sewage sludge since it was deemed
a threat to humans and the environment, but recently different possibilities for energy generation
and material recovery are emerging. Existing technologies such as incineration or direct application
in agriculture contribute to quantity reduction and nutrient recovery but are unable to fully exploit
the potential of sewage sludge within the frameworks of circular economy and bioeconomy. This
paper developed a model within the PROMETHEE method, which analyses technologies for the
sustainable management of sewage sludge, which could make the most from it. For the empirical
part of the study, the Republic of Croatia was used as a country in which sewage sludge is increasing
in quantity as a result of recent upgrades and expansions in the wastewater system. Incineration,
gasification, anaerobic digestion, and nutrient recovery were analyzed as treatment concepts for the
increased amounts of sewage sludge. The model reveals that the best solution is the material recovery
of sewage sludge, using the struvite production pathway through analysis of selected criteria.

Keywords: sewage sludge; multicriteria decision; anaerobic digestion; incineration; gasification;
material recovery

1. Introduction

Population growth and urbanization alike generate substantial volumes of wastewater.
The by-product of wastewater treatment is large amounts of sewage sludge. Sewage sludge
is a complex heterogeneous mixture of microorganisms, non-degradable organic matter
such as paper, plant residues or feces, inorganic materials, and moisture [1], which require
sustainable and pollution-free treatment methods before final disposal.

Annual production amounts of sewage sludge have constantly been growing and will
continue to do so in the future [2,3]. Large amounts of sewage sludge disposed of in the
environment cause major problems such as increased odors, risk of pathogenic microor-
ganisms, and pollution by traces of heavy metals [4]. Sustainable management of sewage
sludge is a major concern in wastewater treatment plants due to the increasing urban
population and tightening environmental legislation regarding conventional methods for
sewage sludge disposal, such as the direct use in agriculture.

Houillon and Jolliet [5] analyzed the environmental impact of six sewage sludge
management scenarios: agricultural application, wet oxidation, pyrolysis, incineration in
cement kilns, fluidized bed incineration, and landfilling. Agricultural spreading achieves
the lowest non-renewable primary energy consumption but also the highest greenhouse
gases (GHG) emissions, along with landfilling. Hospido et al. [6] studied the environmen-
tal impact of three sewage sludge treatment scenarios: scenario 1 (anaerobic digestion,
mechanical dewatering, and land application), scenario 2 (mechanical dewatering and
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incineration), and scenario 3 (mechanical dewatering, thermal drying, and pyrolysis). The
authors concluded that land application of digested sludge is an acceptable option, as long
as the heavy metal content is low. The most effective solution for sewage sludge includes
energy and material recovery, but this depends on the specific circumstances.

Although sewage sludge represents only 1-2% of the treated wastewater volume,
its disposal is complex and expensive. Sewage sludge treatment and disposal represent
between 20% and 60% of the total operating costs in wastewater treatment plants [7,8]. In
order to resolve the problem of sewage sludge and to minimize its negative impact on
the environment, EU countries started to implement different treatment methods—from
wastewater treatment (primary, secondary and tertiary wastewater treatment processes)
to sewage sludge treatment processes, as shown in Figure 1. The research community
is focused on developing new and advanced technologies for the treatment of sewage
sludge, which would be capable of performing energy and nutrient recovery at the same
time [9,10].
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Figure 1. Wastewater and sewage sludge treatment methods in the EU.

The optimal treatment method depends on investment and operating costs, technolog-
ical challenges, the sludge’s physical properties, and the potential utilization of by-products.
Sewage sludge disposal pathways must be designed within the waste management hi-
erarchy presented in the Waste Framework Directive [11]. This Directive represents a
desirable sequence of actions for waste reduction and management, which is prevention,
minimization, reuse, recycling, energy recovery, and disposal as the least desirable option.

Energy content and nutrients (primarily nitrogen and phosphorus) are the two compo-
nents of sewage sludge that are technically and economically viable for recycling. Energy
utilization encompasses a wide range of possibilities, such as anaerobic digestion (AD)
with biogas generation, co-digestion, incineration or co-incineration, pyrolysis, gasification,
and supercritical (wet) oxidation. Bertanza et al. [12] ranked sewage sludge management
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strategies and concluded that incineration with energy recovery and digestion with ap-
plication on agricultural soils were effective solutions for disposal of sewage sludge from
wastewater plants with capacities larger than 500,000 PE (population equivalent). Lacroix
et al. [13] investigated AD coupled to biogas production and determined that the energy
requirements of wastewater treatment plants could be reduced by up to 35%. Raheem
et al. [14] performed an extensive analysis of energy recovery from sewage sludge, includ-
ing incineration, AD, gasification, and pyrolysis. They concluded that sewage sludge could
be used as raw material for the production of various new materials within a biorefinery.
Hao et al. [15] investigated the disposal of excess sewage sludge using incineration without
prior AD. Disposal strategies of sewage sludge must be assessed using the sustainable
approach and accounting for the recovery efficiency of the energy content and raw ma-
terials present in the sludge [16]. Taki et al. [17] and Bubalo et al. [18] investigated the
possibility of using sewage sludge in the production of bricks. They concluded that sewage
sludge could be mixed with conventional materials to produce sustainable construction
bricks with good physical and mechanical properties. Moreover, sewage sludge can be
blended with construction materials; it can be used for biofuel generation (biogas, synthetic
gas, bio-oil) or as fuel for energy generation, for the recovery of nutrients (nitrogen and
phosphorus), heavy metals, proteins, and enzymes.

Additionally, to examine the impact on the environmental impact of treatment meth-
ods for sewage sludge, Life Cycle Analysis (LCA) was extensively studied. Suh and
Rousseaux [19] performed an LCA comparison of five scenarios, which included one stabi-
lization process (composting, anaerobic digestion, or lime stabilization), one main process
(landfill, incineration, or agricultural application), and sludge transport. The scenario
achieving the lowest energy consumption and GHG emissions was found to be the combi-
nation of AD and agricultural land application. Johansson et al. [20] carried out LCA on
four management strategies for sewage sludge: restoration of mining areas, composting for
use on golf courses, hygienization for agricultural use, and supercritical water oxidation
with phosphorus recovery. The authors conclude that the lowest environmental impact
(biogeochemical emissions) is achieved with supercritical water oxidation, mainly due to
the energy recovery from the sludge and the efficient utilization of nutrients.

The above-referenced studies agree that sewage sludge offers various possibilities for
the utilization of energy and material content. However, the exact choice of the sewage
sludge treatment method depends on many factors and constraints (sludge quantity, prop-
erties and composition, heavy metals and pathogens, energy and material reuse, location,
policies and regulations, and public opinion). Therefore, it is necessary to perform detailed
techno-economic analyses, which could reveal the advantages and outcomes of the specific
sewage sludge treatment strategies. This paper’s goal was to determine the most efficient
sewage sludge treatment options in Croatia.

2. Materials and Methods

The selection of the appropriate technology for sewage sludge treatment is compli-
cated by the many influencing factors and parameters: sludge quantities, properties and
composition, energy and material content, available technology, capital investment, opera-
tion and maintenance costs, national policies and regulations, public acceptance, and others.
Various uncertainties can arise at different stages of the project development, while the
potential impact of wrong decisions can be far-reaching in terms of techno-economic perfor-
mance, public health, and environmental footprint. Therefore, analytical and mathematical
methods were developed to ease the decision-making for wastewater and sewage sludge
projects. Multiple Criteria Decision Making (MCDM) refers to a decision-making method
in the presence of many criteria, even conflicting ones. Generally, the decision-making
problem arises when it is necessary to properly assess the relative importance of conflicting
criteria and to arrange a system of priorities that would lead to good decisions.

Multicriteria methods have become standard tools in a complex decision system. There
are several multicriteria methods that serve as the basis of many models developed by
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various researchers and for different purposes: from environment and energy management
to medicine, agriculture, chemistry, and logistics [21]. In terms of waste management,
there are several research topics examined. Makan and Mountadar [22] examined the
different waste management schemes in small urban municipalities in Morocco based on
the financial, technical, environmental, and social-institutional aspects. Lolli et al. [23]
determined economic, environmental, and social aspects as the most important in the
process of selecting the most appropriate waste management technology within natural
parks. Similarly, Erceg and Margeta [24] examined different waste management options
and their applicability in small islands, specifically food waste management. The options,
in this case, were examined based on economic, environmental, local /wider social, and
technological aspects. In more specific research, Makan and Fadili [25] analyzed composting
technologies with the PROMETHEE method, comparing six different systems in terms of
environmental, financial /economic, social, and technical criteria.

Based on the aforementioned research, it was established that there is no research
connected with the sustainable management of sewage sludge. Therefore, the criteria
for the ranking of sewage sludge treatment practices emerged after a careful literature
overview and examination of existing literature on waste management topics. Three broad
criteria clusters were determined: (1) Technological cluster, (2) Socio-economic cluster,
and (3) Environmental cluster. Under the Technological cluster, three criteria groups were
further chosen: (1.1) Technology, (1.2) Energy, and (1.3) Other. The Socio-economic cluster
was subdivided into the following criteria groups: (2.1) Legal-administrative framework
and (2.2) Costs. The Environmental cluster consists of (3.1) Emissions. The 6 groups of
criteria were further subdivided into 19 criteria, as shown in Figure 2. The description of
each of the 19 criteria is given in Table 1, along with the optimization goal: minimize or
maximize.

Technology
selection
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[ Technological ] [Socio-economic [Environmental]

v
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Energy production Ecological footprint

Figure 2. The criteria hierarchy used for assessment and comparison of sludge treatment methods.
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Table 1. Description of criteria.

Cluster Group Criterium Ranking Goal Description
To evaluate the level of development for each sludge
R Qualitative . treatment technology (experimental phase, prototype,
Reliability (1-5) Maximize demonstration project, industrial-scale, number of
installations) and the potential for further improvement.
To estimate the strengths and weaknesses of each sludge
. Qualitative - treatment technology and the potential for success and
Technology Maturity (1-5) Maximize failure. The fewer the shortcomings and the more the
advantages, the better the criterion measure.
Qualitative Familiarity with using the technology: the extent to which
Understanding (1-5) Maximize  experts are competent to perform tasks and use all of the
capabilities offered by each technology.
Thermal and electricity demand for operation (digesters,
Energy Wh s o . : hickeni
M / year Minimize reactors, incinerators, aeration, pumping, thickening,
. demand .
Technological dewatering, etc.).
. Electric self-sufficiency: how much electricity can be obtained
Electric o . . .
. Yo Maximize  from an in situ energy source (biogas, sewage sludge)? The
E efficiency . .. X >
nergy ratio of generated electricity to total supplied electricity.
Thermal self-sufficiency: how much thermal energy can be
Heat efficiency %o Maximize obtained from an in situ energy source (biogas, sludge)?
The ratio of generated thermal energy to total supplied heat.
Energy MWh/year ~Maximize The amount of energy produced by recovering the energy
production content in the sewage sludge.
Recovered Qualitative - The potential of a sludge treatment technology to recover the
. Maximize .
material (1-5) material content from wastewater and sewage sludge.
Other .
Upgrading Qualitative o Potential for future deYelopment a}rl'd upgrade Qf a sludge
. Maximize  treatment technology (increase efficiency and yield, reduce
potential (1-5) . .
material and energy consumption).
Legal- Qualitative The set of regulatory acts, bylaws, and directives establishing
administrative (1-5) Maximize  the scope of work, the responsibilities, and the expectations
Legal framework from the wastewater and sludge treatment technology.
egal-
Administrative Jobs Count Maximize  Creating new job places.
. o The public opinion and attitude towards the effects of sludge
Public Qualitative .. .
. Maximize treatment technology on the environment, landscape, local
Socio- acceptance (1-5) .
. community, and health.
Economic
Operational EUR/year Minimize OPEX: day-to-day expenses (energy, material, rent,
expenses equipment, payroll, insurance).
Costs Capital EUR Minimize CAPEX: capital expendlture§ (a.cqulsmon, upgrade, and
expenses maintenance of property, buildings, technology).
Fit/Premium Qualitative - Use of feed-in tariffs for supplying the generated electricity
Maximize . .
model (1-5) into the grid.
o Occurrence of unpleasant odors generated during plant
Qualitative P g gp
Odors (1-5) Minimize  operation. The goal is to maximize this criterion, meaning
fewer odors emitted into the surrounding area.
The noise pollution from plant operations negatively impacts
. Qualitative C human activity and animal life. The goal is to maximize this
Noise Minimize . . . L
(1-5) criterion, which means less noise propagating into
. L. the surroundings.
Environmental Emissions
tonnes of Greenhouse gas emissions from plant operation, using the
Emissions Minimize  global warming potential (GWP) common scale for the
COzeq house effect of di
greenhouse effect of different gases.
Total environmental impact during the entire service life of
. o the wastewater plant. The ecological footprint is a
Ecological Qualitative .. o .
¢ . Maximize quantitative representation of the need for natural resources.
ootprint (1-5)

The goal is to maximize this criterion, which indicates a lesser
negative impact on the environment and human health.

Qualitative rankings: 1 = very bad, 2 = bad, 3 = neutral, 4 = good, 5 = very good.
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The ranking is presented in qualitative (score 1-5, where 1 is the lowest and 5 is the
highest grade) and quantitative terms (specific unit). The qualitative segment is prone to
subjectivity, while it is determined and based on the author’s experience in the observed
field and state-of-art in the observed country, in this case, Croatia. In order to retain as
much objectivity as possible, and with the lack of existence of observed technologies in
Croatia, interviews with national experts who are familiar with observed technologies
and are experts in the fields of climate and environment protection (5 experts) and waste
management (6 experts) were conducted. This enabled determination of specified criteria.
In the following sections, these are referred to as “Communication with experts”, while the
entire questionnaires and responses are provided in the Supplementary Materials.

Generally, multicriteria decision-making methods work with quantitative data but ex-
hibit difficulties when it comes to qualitative data. As a remedy, the existing PROMETHEE
method facilitates decision-making based on qualitative data, which is often the case with
real-world ventures. The present study employs the PROMETHEE method for its capabil-
ity of making multicriteria decisions based on quantitative and qualitative data with the
final goal of determining the most effective technologies and solutions for sewage sludge
treatment [26].

The PROMETHEE method offers two types of ranking systems based on the chosen
priorities: partial ranking (PROMETHEE I) and complete ranking (PROMETHEE II). Prior-
ities are obtained by comparing possible options in pairs, where the options are ranked
from the best to the worst. The partial ranking system consists of positive and negative
rankings. Positive ranking (Phi*) measures the level of priority advantage for an option (a)
when compared against the remaining options (n — 1). This is a general measure of the
strengths of option (a). The higher the Phi*(a), the better the option

Phi*(a) = % b;z (a,b) (1)

Negative ranking (Phi~) measures the level of priority disadvantage for an option (a)
when compared against the remaining options (n — 1). This is a general measure of the
weaknesses of option (a). The smaller the Phi~ (a), the better the option

Phi~(a) = b; (b, a) %)

The partial ranking system of PROMETHEE I is the intersection between the positive
ranking and the negative ranking. Here, option (a) receives priority over option (b) if and
only if it shows an advantage both in the positive and the negative ranking

a P'b iff Phit(a) > Phit(b) and Phi~(a) < Phi~ (b) ®)

where P! denotes the priority in the PROMETHEE I ranking system. The overall ranking
(Phi) represents the difference between the positive ranking and the negative ranking

Phi(a) = Phi*(a) — Phi (a) 4)

Therefore, the overall ranking Phi(a) combines the strengths and the weaknesses of an
option in one single result. The overall ranking Phi(a) can be either positive or negative.
The larger the Phi(a), the better the option. The complete ranking system of PROMETHEE
II comprises the comparisons between all the observed options. This ranking system
calculates and compares the overall priorities of the options, which are obtained from the
partial positive and negative rankings. An option (a) is said to have a priority advantage
over an option (b) if and only if its overall ranking is higher

a Pb iff Phi(a) > Phi(b) (5)
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where P! denotes the priority in the PROMETHEE II ranking system.
In order to easily obtain data and graphical results, the Visual PROMETHEE and
GAIA software was used.

3. Sewage Sludge Treatment Technologies
3.1. Sludge Treatment Practices in Europe

EU member states rely on different sewage sludge disposal practices: application
on agricultural lands, disposal in landfills and long-term storage, composting, land recla-
mation, incineration, and others [26-30]. The average sewage sludge production rate is
between 20 and 25 kg of dry mass per person per year. Across the EU-28 member states,
the total amount of sludge produced was 9.2 million tonnes of dry mass in 2018. However,
EU member states are using different sludge management models and disposal practices,
depending on various economic, social, technological, and environmental factors. The most
widespread disposal practices for sewage sludge are application as fertilizer on agricultural
lands (47.5%), incineration (27.2%), composting (11.4%), land reclamation and recultivation
(8.3%), and landfilling (5.6%) [31]. Regulations for the use of sewage sludge on agricultural
lands are increasingly more stringent and aim to minimize the impact of toxic compounds
(heavy metals and organic pathogens) on the environment and human health. Further, the
use of sewage sludge as fertilizer is negatively perceived by the public [32,33].

Consequently, in recent years, the share of incineration has been increasing while the
shares of agricultural use, landfilling, and land reclamation are decreasing [34]. Incineration
of sewage sludge is the preferred disposal practice in Austria, Belgium, Germany, and the
Netherlands. In addition to mono- and co-incineration, innovative systems for the thermal
treatment of sewage sludge are being developed [35-37], methods such as pyrolysis or
gasification [38,39]. The percentage distribution of sewage sludge disposal practices in
European countries is shown in Figure 3 (based on available data from Eurostat).

X

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0
S

@ Q2 \ < v\, L2 & \ 4 &
. 0 X N N 0 & ¥ L
S & & ‘}oo & (}oq, \,va @7’0 S Q@g & & Qo\"’ @q,«\ OAQ? 6\%* & & %Q? og*\ AQ"‘%
¥ ¢ & ¢ N \-y*@@q\ ¥ Vo 5y Y & ¥
> ¥
Q
Ib’b
N
S
8

M Direct agricultural use W Compost and other applications M Landfill

Figure 3. Sewage sludge disposal practices in selected EU member states (Eurostat data for 2019).
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3.2. Sludge Treatment Practices in Croatia

The public wastewater system in the Republic of Croatia is significantly underde-
veloped with respect to the public water supply system. The public wastewater system
covers less populated areas than the water supply system, with smaller agglomerations
and rural areas generally relying on local and private wastewater systems. However,
recent years have seen upgrades and expansions in the public wastewater system, driven
mainly by incentives of EU funding. The wastewater treatment system spread onto all
major industrial centers and subsequently included smaller agglomerations and rural areas
with as few as 2000 population equivalents. Accordingly, sewage sludge quantities are
increasing due to the newly built wastewater facilities. At present, in Croatia, the existing
wastewater treatment plants generate a total of 69,654 tonnes of wet sewage sludge per year,
as reported in the national waste management information system. The corresponding dry
mass of sewage sludge is 26,750 tonnes [40]. The generated quantity of sewage sludge is
expected to increase threefold in the next decade as a result of the upgrades and expansions
of the wastewater system. By 2031, the annual amount of generated sewage sludge in
Croatia will reach 350,000 tonnes of wet matter, which corresponds to about 80,000 tonnes
of dry matter [41,42]. Concerning sewage sludge final disposal practices in Croatia, only a
smaller fraction of the generated sludge (around 7%) was applied onto agricultural soils
or composted in 2020. The remaining sewage sludge is disposed of in landfills. In tourist
areas, sludge production shows significant variations throughout the year since more than
70% of the tourists overnight are concentrated in the summer period.

Croatia has yet to establish a nationwide management strategy for sewage sludge that
would be economically viable, environmentally friendly, and, at the same time, adherent
to the EU legislative and strategic frameworks of sustainable products and circular econ-
omy [43—-46]. Within those frameworks, priority is given to the use of durable, reusable,
upgradable, and reparable products as well as to climate-neutral and resource-efficient
technologies and processes. Concerning waste management, priority should be given to
the prevention of waste products as well as to the reuse and recycling of the produced
waste. For sewage sludge management, this translates into the following order of priorities:
(1) increasing the efficiency of wastewater treatment processes, reducing the mass and
volume of produced sludge; (2) sludge recycling in agriculture (direct application) and the
recovery of nutrients and energy; (3) reuse as a secondary fuel or raw material in various
industries; and (4) disposal in landfills, as listed in Table 2.

Table 2. Order of priority for the management of sewage sludge waste within the legislative frame-
works of sustainable products and circular economy.

Order of Priority for Sewage Sludge —

Waste Management Management Processes Order of Priority for Sewage Sludge Management
1. Prevention Applicable 1. Highly efficient wastewater treatment processes
2. Reuse Not applicable Not applicable

3. Recycling

2.1. Nutrients’ recovery: recycling in agricultural lands, land
reclamation and recultivation, sludge incineration and dispersion of ash

Material recovery only or on agricultural soils, phosphorus, and nitrogen extraction.
combined energy and 2.2. Energy recovery: anaerobic digestion for biogas production, thermal

material recovery treatment in mono- and co-incineration plants with generation of thermal
energy and electricity, gasification, pyrolysis, incineration in cement kilns,
iron and steel production furnaces.

4. Second reuse

3. Energy recovery and reuse as secondary fuel: mono-incineration in
Energy recovery only dedicated plants; co-incineration with coal, waste, or biomass; and ash
recycling in construction and cement production industries.

5. Disposal

4. Final disposal: thermal treatment with limited energy recovery,

Final disposal disposal in landfills.
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3.3. Sludge Recycling in Agriculture (Direct Application)

The EU Directive 86/278/EEC [47] specifies the limit values for heavy metal concen-
trations in the sewage sludge to be applied on agricultural soils as well as the limit values
of heavy metals in the soils to be fertilized with sewage sludge and the maximum annual
load of heavy metals added to agricultural soils, as reported in Table 3. The Directive also
prohibits the use of sewage sludge on soils in which vegetable or fruit crops are growing,
while grazing animals must not access grasslands less than three weeks after the sludge
application. This Directive was implemented in the national legislations of member states,
most of which set lower limits [48]. EU member states are becoming stricter in the imple-
mentation of this Directive and setting lower limit values of heavy metal concentrations to
protect the environment and human health. Consequently, the direct application of sewage
sludge in agriculture has been declining in recent years. Most EU member states set limit
values for chromium, although no value is specified in the Directive itself.

Table 3. Limit values of heavy metals in sewage sludge and agricultural soils.

EU Directive 86/278/EEC [47]—Limit Values of Implementation of 86/278/EEC [48]—Limit Values
Heavy Metals Concentrations Set by Member States

In Sludge In Soil Annual Load In Sludge In Soil Annual Load

[mg/kgpml [mg/kgpml [kg/halyr] [mg/kgpml] [mg/kgpm] [kg/halyr]
Cadmium (Cd) 20-40 1-3 0.15 0.8-40 0.4-3.0 0-0.15
(Cctg"m‘“m No limit set No limit set No limit set 75-1000 30-200 0.04-12
Copper (Cu) 1000-1750 50-140 12 75-1750 36-140 0.2-12
Mercury (Hg) 16-25 1.0-1.5 0.1 0.67-25 0.1-1.5 0-0.1
Nickel (Ni) 300-400 30-75 3 30-400 15-75 0.025-3.0
Lead (Pb) 750-1200 50-300 15 100-1200 40-300 0.025-15
Zinc (Zn) 2500-4000 150-300 30 300-4000 100-300 0.6-30

3.4. Material Recovery from Sewage Sludge

Nitrogen and phosphorus are the most valuable nutrients in the sewage sludge. Other
nutrients present in the sewage sludge are potassium, calcium, and magnesium, but their
concentrations are lower than in organic fertilizers. A smaller fraction of the total nitrogen
content in sewage sludge is available in the form of ammoniacal nitrogen (10%), which can
be readily used by plants, but the remaining nitrogen is bonded in organic compounds (90%)
and must be mineralized to become plant fertilizer. Similarly, 10% of the total phosphorus
content can be easily separated, but the remaining 90% is bonded to iron or aluminum [49].
This means that the nitrogen and phosphorous availability in sewage sludge is generally
lower than it is in conventional fertilizers [50,51]. Aside from performing as fertilizer,
sewage sludge slows down soil degradation and surface runoff, which can save between
5% and 10% of the agricultural production costs [52].

At the wastewater treatment plant, phosphorus can be recovered using the liquid phase
at three locations: (1) wastewater from activated sludge, (2) wastewater from secondary
treatment, and (3) wastewater from sludge digestion [53,54]. Phosphorous extraction is
achieved using precipitation and crystallization processes to produce struvite, which is
a highly valued fertilizer [55,56]. On the other hand, recovery from the solid phase can
be performed from (1) primary sludge, (2) excess secondary sludge, (3) raw sludge prior
to anaerobic digestion, (4) sludge before dewatering, and (5) from dewatered sludge or
after the dewatering. The third possibility is using phosphorus from incinerated sewage
sludge ash (ISSA) [57]. ISSA can be spread on agricultural lands as fertilizer if heavy
metal concentrations are below limit values. However, if heavy metals concentrations are
above limit values, then further chemical treatment is necessary to extract the phosphorous
from ISSA. For instance, Germany generates 1.8 million t of dry sludge mass per year,
and the amount of recoverable phosphorous is estimated at 50,000 t per year [34], which
could meet 40% of the agricultural consumption, if all the produced sludge was treated
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in mono-incineration plants. The resulting ash could be directly applied to agricultural
lands if contaminants levels were below limiting values or, alternatively, would have to
be processed by phosphorous extraction systems. Phosphorous recovery is limited to
ISSA from mono-incineration plants since the ash contains relatively high fractions of
phosphorus and low fractions of contaminants, and recovery rates of up to 90% could be
achieved. Phosphorous recovery from ISSA is more technologically demanding but also
more rewarding than wet-chemical methods recovering only 10-30% of the phosphorus
from untreated wastewaters. It is no wonder that countries are slowly realizing those
advantages and choosing the recovery of phosphorus (P) and other nutrients over sludge
disposal in landfills or recycling in agriculture (direct use). Sewage sludge could be a key
resource of phosphorous in the future, especially in countries with depleted sources of
phosphate minerals.

3.5. Anaerobic Digestion

Anaerobic digestion is the most widespread method for the sterilization of sewage
sludge. The advantage of anaerobic digestion is the reduction in the mass and volume of
sewage sludge and the production of biogas, which can be used as an alternative fuel for
internal combustion engines, twin-fuel engines, and cogeneration (CHP) systems [58].

Anaerobic digesters that operate at mesophilic temperatures (3540 °C) or ther-
mophilic temperatures (50-60 °C) are commonly used systems. Mesophilic digestion
is the preferred process due to low thermal energy requirements, reasonable operation
and maintenance costs, and good biogas yields. The specific biogas yield is somewhere
around 0.3 m?/kgpy;, which is roughly equivalent to 6.0 MJ/kgpy [41,59]. Wastewater
treatment plants achieve energy autonomy of 50% or better by converting the biogas into
thermal energy for the heating of digesters and electrical energy for the powering the
equipment. The material remnant of anaerobic digestion is digestate, which is subsequently
dewatered and used as fertilizer on agricultural soils or dried and pelletized to produce
low-cost biofuel.

3.6. Sludge Incineration

Sewage sludge thermal treatment includes incineration in mono-incineration plants
and co-incineration in coal-fired power plants, municipal waste incineration plants, and
cement kilns [53]. Mono-incineration plants can manage sewage sludges with solid fractions
as low as 30 wt%, which is generally sufficient for self-sustained combustion [41]. In the case
of higher water contents, sewage sludge needs additional drying or, alternatively, it can be
co-incinerated with other fuels (coal, biomass, municipal waste) [60]. Incineration reduces
the sludge’s total mass and volume by up to 85% and thermally destroys the toxic organic
components, both of which facilitate further management and disposal. Furthermore, the
sludge energy content can be converted into thermal energy or electricity.

Fluidized bed incineration is a well-developed technology for the thermal disposal of
different waste materials (non-recyclable industrial and municipal waste, sewage sludge).
Fluidized bed incinerators can work with higher moisture contents in the sewage sludge,
and the thermal energy for sludge drying is supplied by combustion flue gases and waste
heat from the steam condenser. The steam temperature and pressure ranges at the turbine
entrance are 300—400 °C and 40-50 bar, respectively. The net electric efficiency is in the
range of 20-30%, and the specific electricity generation is 500-800 kWhg per tonne of
dry sludge matter, depending on process parameters, sludge composition, and heating
value. Flue gases are treated to meet strict emission standards. Nitrogen oxides (NOy)
emissions are reduced using selective non-catalytic reduction (SNCR) by injecting urea into
the furnace. Fly ash particles are separated by electrostatic filters, while heavy metals and
dioxins are separated in wet scrubbers. Activated coke filters are used to capture mercury
and sulfur oxides (SOx) and reduce unpleasant odors. Among different final disposal
practices for sewage sludge, incineration arguably achieves a lower environmental impact
in metropolitan areas [61,62]. The by-products of the incineration process are ISSA and
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flue gases. Depending on the sewage sludge composition, ISSA can contain inorganic
oxides (SiOy, CaO, Fe;O3, Al,O3, P2Os5, SO3, MgO, TiO) and traces of heavy metals (Hg,
Cd, As, Sb, Pb). ISSA can be used as secondary material in the construction industry for
the manufacture of concrete, cement, and bricks.

3.7. Pyrolysis and Gasification

Pyrolysis is the thermal decomposition of the organic material in sewage sludge
in an oxygen-deprived atmosphere. Pyrolysis of sewage sludge is usually performed
at temperatures around 500 °C, which provides enough heat to decompose the organic
compounds in the sludge. Since no oxygen is present, the sewage sludge decomposes
into three products: biochar, bio-oil, and syngas. Biochar is a solid fraction and contains
pyrolytic coke and heavy metals. Bio-oil is similar to diesel in composition, but it can
contain also smaller amounts of water and tar. Syngas mainly contains hydrogen, methane,
and carbon dioxide and can fuel CHP systems to improve the energy self-sufficiency of the
wastewater treatment plant or produce green hydrogen with in situ carbon capture [63].
The fraction of the pyrolysis products depends on the sewage sludge composition and
process parameters (reactor temperature and pressure, sludge retention time, and heating
rates). Depending on retention times and heating rates, slow pyrolysis maximizes the
fraction of biochar, while fast pyrolysis maximizes the fraction of syngas. Gasification
is similar to pyrolysis, but it is performed at higher temperatures (around 700 °C) by
controlling the amount of oxygen and steam in the reactor. The product is syngas with
hydrogen, methane, and carbon monoxide as flammable gases. Gasification is usually
performed after pyrolysis, and the excess heat from gasification is used for sludge drying
and heating of the pyrolysis reactor. The syngas can be utilized in gas turbines or CHP
systems to generate heat and electricity [64]. The methane fraction in the syngas can be
steam reformed to obtain syngas with higher fractions of green hydrogen [65].

3.8. Hydrothermal Carbonization

Hydrothermal carbonization (HTC) converts sewage sludge into a coal-like product
called hydrochar along with aqueous and gaseous by-products. The reaction is performed
at a temperature range of 180-280 °C under pressures of 20-60 bar for a duration of 1-5
h [66]. The HTC reaction parameters affect the hydrochar mass yield and heating value as
well as the solid to liquid product ratio. The hydrochar achieves heating values between
10 and 15 MJ/kg, and it is used as a low-grade fuel [67]. Sewage sludge drying prior to
HTC is not necessary as the ideal feedstock is that with high moisture contents (75-90 wt%).
HTC can be integrated with anaerobic digestion to obtain a liquid product rich in organic
compounds and recover more than 70% of the sludge energy content via hydrochar and
biomethane production [68,69].

4. Sludge Management Scenarios in Croatia

This chapter ranks sewage sludge treatment practices in Croatia using the PROMETHEE
multicriteria decision-making method. The present analysis focuses on three treatment
practices that are considered fit for present and future circumstances in Croatia: anaerobic
digestion, incineration, and gasification. These treatment methods have primarily been
selected due to their sustainable aspect. The application of sewage sludge on agricultural
lands is gradually being abandoned in Croatia, and nowadays, less than 5% of the total
annual sludge production is recycled in agriculture (direct use). The disposal of sewage
sludge in special landfills designed for this waste type is the most dominant disposal prac-
tice in Croatia, but it will be prohibited in the near future [42]. Gasification is chosen over
pyrolysis as this method can work with higher moisture contents in the sludge feedstock
(around 80 wt%), which is the case with the sewage sludge from Croatian wastewater
treatment plants.
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4.1. Input Data for Anaerobic Digestion

Anaerobic digestion utilizes both the energy and the material content of the sewage
sludge generated in wastewater treatment plants through the production of biogas and
digestate. In Croatia, anaerobic digestion is usually coupled to biogas power plant capacities
of around 1 MW,. Table 4 reports the average criterium data obtained from the literature
survey, revolving around a biogas capacity of 1 MW, which equals an input of 76 t of
sludge per day. The Energy production criterium accounts for produced electricity and
disregards produced heat because part of the produced heat is used for digester heating,
and the remaining is lost to the environment.

Table 4. Input data for the ranking of anaerobic digestion technology.

Cluster Group Criterium Ranking/Amount Unit Literature
References
Reliability 4.50 - [70-73]
Technology Maturity 4.67 - [70-75]
Understanding 5.00 - Commumcatlon
with experts
Energy demand 1135.05 MWh/year [41,73-77]
Technological
Electric efficiency 36 % [41,72-77]
Energy
Heat efficiency 51 % [41,72,74,76]
Energy production 2842.69 MWh/year [41,73-77]
Recovered material Yes - [41,70,72,73,77,78]
Oth
er Upgrading potential Yes - [41,70,72,73,75,77,78]
Legal-
administrative 4.00 - [41,71-73,76]
Legal- framework
Administrative ]ObS 10.00 _ [41’72,73]
Socio-Economic Public acceptance 4.00 - [71-73]
Operational 739,799.34 EUR/year [73,75-77,79]
expenses
Costs Capital expenses 1,095,715.57 EUR [73-79]
Fit/Premium model Yes - [72,76,78,79]
Odors 2.50 - [70-73,80]
Noise 3.50 - [70-73,80,81]
Environmental Emissions Emissions 43.59 tonnes of COseq [70,73,74,79,82-85]
Ecological footprint 4.00 - Communication

with experts

4.2. Input Data for Incineration

At present, in Croatia, there are no sewage sludge incineration facilities; however,
mono-incineration plants are being planned in the major urban centers. A sludge mono-
incineration plant with an electrical capacity of 1 MW, is assumed for further analysis
(equal to an input of 76 t of sludge per day) to draw a fair comparison with the other
treatment technologies. The number of operating hours is assumed to be 8000 per year.
Table 5 reports the average criterium data obtained from the literature survey, referring to a
mono-incineration plant with an electrical capacity of 1 MW.
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Table 5. Input data for the ranking of incineration technology.
Cluster Group Criterium Ranking/Amount Unit Literature References
Reliability 5.00 - [56,86-88]
Technology Maturity 5.00 - [56,86-89]
Understanding 5.00 - Corr}mumcahon
with experts
Technological Energy demand 8562.42 MWh/year [77,86,90-94]
E Electric efficiency 28 % [77,86,95,96]
nergy
Heat efficiency 48 % [86,96]
Energy production 47,670.00 MWh/year [86,94,97]
Recovered material Yes - [87-89,98]
Other - -
Upgrading potential Yes - [66,87,88]
Legal-administrative 3.00 ) [86,99,100]
framework
Legal-
Administrative Jobs 24.00 - [99-102]
i . - 1
Socio-Economic Public acceptance 3.00 [66,86,89,93,100]
Operational expenses 1,500,000.00 EUR/year [86,89,92,94,96,97,101]
Costs Capital expenses 57,000,000.00 EUR [86,89,94,96,97,100,101,103]
Fit/Premium model No - Commumcatlon
with experts
Odors 3.00 - [92,93,103,104]
Noise 2.00 - [103,105]
Environmental Emissions Emissions 8248.46 tonnes of COpeq [90,92,93,97,103,105,106]
Ecological footprint 3.00 - Communication

with experts

4.3. Input Data for Gasification

The facility for sewage sludge gasification is assumed to have an electric capacity of
250 kW¢), and the number of operating hours is assumed to be 8000 per year (equal to the
input of 76 t of sludge per day). The gasification capacity is smaller than the capacity in
the sludge incineration option, reflecting the earlier developmental stage of gasification
technology [107-109]. Table 6 reports the average criterium data for gasification technology
obtained from the literature survey.

4.4. Input Data for Material Recovery

Struvite precipitation and ammonia stripping are the most common technologies
for the recovery of phosphorus and nitrogen from anaerobic digestate. Struvite is a com-
pound mineral containing magnesium (Mg), phosphate (PO,), and ammonium (NHy).
The fertilizing value of struvite has been recognized in recent years when it was proved
that struvite could perform as a slow-acting fertilizer, efficiently replacing phosphorous
produced from phosphate rocks. Struvite precipitation is not yet developed to a commercial
scale. However, it is expected that existing wastewater treatment plants using anaerobic
digestion for sludge stabilization will be upgraded with struvite precipitation in the near
future [122,123]. Hence, the input data for the ranking of material recovery technology,
reported in Table 7, reflect the anaerobic digestion of sewage sludge with the addition of
struvite precipitation for phosphorus recovery.
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Table 6. Input data for the ranking of gasification technology.

Cluster Group Criterium Ranking/Amount Unit Literature References
Reliability 4.00 - [66,109,109-111]
Technology Maturity 4.00 - [66,109,109-112]
Understanding 3.50 - Communication with experts
Energy demand 133.33 MWh/year [109,112-114]
Technological Energy Electric efficiency 20 % [108,109,113]
Heat efficiency 80 % [107,109,112,113]
Energy production 122.22 MWh/year [109,113,114]
Recovered material Yes - [66,109-111,115]
Other -
Upgrading potential Yes - [66,109,111]
Legal-administrative 350 ) [111,116,117]
framework
Legal-
Administrative Jobs 6.00 - [113,118]
Socio-Economic Public acceptance 3.50 - [109,111,112]
Operational expenses 118,381.50 EUR/year [107-109,119]
Costs Capital expenses 1,210,720.50 EUR [108,109]
Fit/Premium model No - Communication with experts
Odors 4.00 - [108,109]
Environmental Emissions Noise 3.50 - [109]
Emissions 4800 tonnes of COxeq [109,120,121]
Ecological footprint 4.50 - Communication with experts
Table 7. Input data for the ranking of material recovery technology.
Cluster Group Criterium Ranking/Amount Unit Literature References
Reliability 3.50 - [124]
Technol
echnology Maturity 3.00 R [56,125,126]
Understanding 3.50 - Communication with experts
Energy demand 1135.05 MWh/year Communication with experts
Technological Energy Electric efficiency 36 % [41,72,74-77]
Heat efficiency 51 % [72,74,76,78]
Energy production 2842.69 MWh/year [73-75,77,78]
Recovered material Yes - [126,127]
Other
Upgrading potential Yes - [53,126,127]
Legal-administrative 3.00 - Communication with experts
framework
Legal-
Administrative Jobs 4.00 - Communication with experts
Socio-Economic Public acceptance 4.00 - [56,125,126]
Operational expenses 40,000.00 EUR/year [56,125,128]
Costs Capital expenses 1,600,000.00 EUR [56,125,128]
Fit/Premium model No - Communication with experts
Odors 4.50 - [56,125,126]
Environmental Emissions Noise 400 - [56,125,126]
Emissions 0.00 tonnes of COzq [56,125,126]
5.00 - Communication with experts

Ecological footprint

5. Results and Discussion

The above criteria were used as input data for the PROMETHEE multicriteria decision-
making method. Figure 4 shows the results obtained using the PROMETHEE I partial
ranking. Material recovery technology returns the best result in terms of both positive (Phi*)
and negative rankings, which measure the respective advantages and disadvantages of the
observed technology over the other options. Anaerobic digestion technology is ranked in
second place, with comparable rankings to that of gasification technology, which is ranked
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third. Incineration technology is ranked fourth and exhibits the least advantages but most
disadvantages over the other sewage sludge disposal methods.

1.0 0.0

Material recovery

Anaerobic digestion

Gasification

Phi* Phi~

Material recovery

Anaerobic digestion

Gasification

Incinerati

Incineration

ion

0.0 1.0
Figure 4. The PROMETHEE I partial ranking of sewage sludge treatment technologies.

All the observed technologies exhibit a negative tendency on the positive ranking side
(Phi*). This can be explained by the relative lack of knowledge in using and understand-
ing the capabilities of these innovative technologies. Further research and development
are necessary to promote these technologies from laboratories and prototypes scale to
commercial scale.

Incineration, which is the most familiar among the observed technologies, turns out to
be ranked last as a consequence of the negative environmental aspects (emissions, noise,
odors, and total footprint). Incineration is oriented toward the destruction of sewage sludge
and disposal of the remaining ash, while the other technologies are more focused on the
sustainable principles of material recovery and circular economy.

The disadvantages of incineration technology are also observed in the PROMETHEE II
complete ranking, where all the other technologies turn out better ranked than incineration,
as shown in Figure 5. The complete ranking system reaffirms material recovery as the best
sewage sludge treatment technology as it returns most of the sewage sludge material value
with the least negative impact on human health and the environment.
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Figure 5. The PROMETHEE II complete ranking of sewage sludge treatment technologies.

The impact of each criteria cluster on the final rankings is depicted using the PROMETHEE
rainbow graphical representation in Figure 6. Each criteria cluster and criteria group is
attributed a color:

The Technological criteria cluster is marked in blue;

O The technology criteria group is marked blue with a red frame;
@) The energy criteria group is marked blue with a green frame;
O Other criteria group is marked blue with a blue frame.

The Socio-economic criteria cluster is marked in green;

@) Legal-administrative criteria group is marked green with a red frame;
O The costs criteria group is marked green with a blue frame.

The Environmental criteria cluster is marked in yellow.

O The emissions criteria group is marked yellow with a yellow frame.
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Figure 6. Comparison of strengths and weaknesses of sewage sludge treatment technologies, pre-
sented via PROMETHEE Rainbow tool.

The contribution of each criteria cluster in the total ranking of a sewage sludge treat-
ment technology is expressed with the column height. The positive column values suggest
technology advantages (strengths), and the negative column values correspond to tech-
nology disadvantages (weaknesses). The balance between the technology advantages and
disadvantages marks the overall ranking of a technology. For instance, material recovery
achieves the largest advantage in the environmental cluster, specifically in the emissions cri-
teria group. The socio-economic cluster returns a weaker advantage, and the technological
cluster brings disadvantages to the same technology. For anaerobic digestion, the biggest
advantage is in the socio-economic cluster (legal-administrative framework and costs),
while the environmental criteria cluster (emissions) presents the biggest disadvantage.
Gasification of sewage sludge achieves an advantage in the environmental criteria (odors,
emissions, footprint) but also slight disadvantages in the technological and socio-economic
clusters. Incineration, as the last-ranked technology, shows the biggest weaknesses in the
environmental and socio-economic clusters.

Material recovery and anaerobic digestion are sewage sludge treatment technologies
that offer relative advantages in most of the criteria clusters when compared to thermal
treatment methods such as gasification and mono-incineration. It should be noted, however,
that the results of the PROMETHEE multicriteria decision method are subjective and
depend on the input data for the criteria. Different ranking outcomes could be obtained by
assuming the criteria rankings differently. This study attempted to perform an unbiased
multicriteria comparison based on a detailed literature analysis.

6. Conclusions

The approach to sewage sludge treatment has only recently shifted from unwanted
waste material to a valuable source of rare nutrients. An ever-growing number of countries
are coming to realize that the sustainable principles of material recovery and circular
economy can be effectively implemented in sewage sludge treatment. The emergent
strategy is to reduce the amount of waste disposed at landfills as well as to increase the
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frequency of durable, reusable, upgradable, and reparable products. In the future, sewage
sludge management and disposal will be limited only to climate-neutral and resource-
efficient technologies. Present-day research is focused on the development of methods and
processes capable of extracting most of the nutrient and energy content from sewage sludge
while reducing its volume and destroying harmful substances to the greatest possible extent.

Therefore, it is becoming increasingly important to develop methods and define pa-
rameters and criteria, allowing for the comparison and ranking of different sewage sludge
treatment technologies. In this study, we used a multicriteria decision-making method
to rank four different sludge treatment technologies based on the data and specific cir-
cumstances in the Republic of Croatia. The results revealed that material recovery and
anaerobic digestion of sewage sludge achieve better ranking than thermal treatment meth-
ods such as gasification and incineration. Material recovery offers the most advantages
in the environmental criteria cluster, with reduced emissions, odors, noise, and ecological
footprint when compared to the other sewage sludge treatment technologies. Anaerobic
digestion shows the biggest strengths in the socio-economic criteria cluster, with public
acceptance, small costs, and mature technology as the most prominent advantages. Gasifi-
cation and incineration are ranked below material recovery and AD, principally due to a
higher environmental impact.

The developed multicriteria decision model can be used for the comparison and
ranking of the competing sewage sludge treatment technologies. However, the ranking
of sludge treatment technologies is somewhat arbitrary since it depends on the quality of
the input data for the ranking criteria. There is no universally preferred sewage sludge
technology, but each sewage sludge project should be approached by taking into account a
wide range of parameters such as sludge composition and quantities, energy and nutrient
content, available technology and familiarity with it, investment size, operational and
maintenance costs, national policies and regulations, public opinion, and others.
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