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Abstract: Based on mass and energy balance calculations, this work investigates the possibility
of recovering heat and nutrients (nitrogen and phosphorus) from municipal sewage sludge using
pyrolysis or combustion in combination with a gas scrubbing technology. Considering a wastewater
treatment plant (WWTP) with 65,000 t/a of mechanically dewatered digestate (29% total solids),
550 t/a nitrogen and 500 t/a phosphorus were recovered from the 4900 t/a total nitrogen and 600 t/a
total phosphorus that entered the WWTP. Overall, 3600 t/a (73%) of total nitrogen was lost to the air
(as N2) and clean water, while 90 t/a (15%) of total phosphorus was lost to clean water released by the
WWTP. Both in combustion and in pyrolysis, the nitrogen (3%) released within thermal drying fumes
was recovered through condensate stripping and subsequent gas scrubbing, and together with the
recovery of nitrogen from WWTP reject water, a total of 3500 t/a of ammonium sulfate fertilizer can
be produced. Furthermore, 120 GWh/a of district heat and 9700 t/a of ash with 500 t/a phosphorus
were obtained in the combustion scenario and 12,000 t/a of biochar with 500 t/a phosphorus was
obtained in the pyrolysis scenario. The addition of a stripper and a scrubber for nitrogen recovery
increases the total electricity consumption in both scenarios. According to an approximate cost
estimation, combustion and pyrolysis require annual investment costs of 2–4 M EUR/a and 2–3 M
EUR/a, respectively, while 3–5 M EUR/a and 3–3.5 M EUR/a will be generated as revenues from
the products.

Keywords: combustion; energy recovery; nutrient recovery; pyrolysis; sewage sludge; thermal treatment;
waste to energy

1. Introduction

The global population is estimated to increase from 7.7 billion to 9.7 billion by 2050 [1].
This expected rapid increase, with the concentration of people in cities, raises several
problems in terms of waste, particularly sewage sludge, which is the semi-solid byproduct
generated during municipal and industrial wastewater treatment [2]. Billions of tons of
sewage sludge and wastewater are produced every year, with the final disposal depending
on the country’s policies and regulations [3]. The current disposal pathways of sewage
sludge in the EU include combustion (27%), agricultural fertilizer (42%), landfill (14%), and
other applications (17%) [4].

Sewage sludge contains nutrients such as phosphorous and nitrogen [5]. However,
it also contains harmful substances, including heavy metals, aromatic hydrocarbons,
pathogens, and, as was recently discovered, microplastics and medical residues. Due
to this fact, sewage sludge utilization as it is, and even after biological treatment, risks soil
contamination [6].

Nutrients, mainly nitrogen and phosphorus, are crucial for the growth of plants
and are thus in high demand, specifically as fertilizers [7]. About 75% of the remaining
phosphorus reserves are located in Morocco and, according to one estimate, these will
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be depleted within 45 to 100 years [8–10]. Phosphate, as a critical raw material, has
received increased interest in the recovery and treatment of waste, specifically wastewater,
to regenerate phosphorus using current technologies.

Nitrogen is a vital nutrient for all living organisms. While nitrogen is readily available
in the atmosphere in the form of nitrogen gas (N2), most plants cannot consume it due to
the nonreactivity of molecular nitrogen. Some plants and crops use biological nitrogen
fixation to absorb N2 in the form of ammonium or nitric oxide, but nitrogen fertilizers are
needed to increase the crop yield [11].

The Haber–Bosch process was developed to transform stable N2 into nitrogen fertiliz-
ers to boost crop production [12]; however, producing 1 ton of ammonia (NH3) fertilizer
consumes about 35–50 MJ/kgN of energy and 950 m3 of natural gas, while emitting 1.6 tons
of carbon dioxide (CO2). However, only about 17% of the nitrogen produced in this way
is ultimately consumed by humans through food sources, and the rest is lost to the envi-
ronment [13]. This reactive nitrogen abundantly introduced to the ecosystem represents
a significant source of pollution [14]. Although it has been possible to increase food pro-
duction through the use of fertilizers, this has led to the disposal of nitrogen in the form
of urea and NH4+ via human defecation, ending up in sewage [15]. This, in addition to
other nitrogen leakages from crop production systems, such as the leaching of nitrogen
from fields, causes eutrophication in water bodies [16].

A wastewater treatment plant (WWTP) is an industrial facility that removes pollutants
through a series of operations, including the mechanical, chemical, and biological treatment
of incoming wastewater. Wastewater treatment is an energy intensive process in which
about 90% of total energy demand is in the form of electric energy. Furthermore, 50–60% of
operating costs are taken by sludge treatment whereas electric energy takes a 25–40% share
of total operating costs [4]. Therefore, efficient energy and nutrient recovery from a WWTP
can lead to a better efficiency and reduced costs [17].

Nitrogen is first removed from an aeration tank via nitrification and denitrification,
which convert ammonium and nitrate, respectively, into N2, releasing it into the atmosphere.
The remaining nitrogen and phosphorus are bound in the sludge, which advances towards
sludge treatment. Anaerobic digesters are one of the most common sludge treatment
techniques, whereby the sludge is anaerobically digested to produce biogas, which is
utilized in energy generation. The remnants of the process are mechanically dewatered,
producing dried sludge and reject water [18].

The availability of organic matter in wastewater makes it an energy source from the
thermodynamic perspective. After wastewater treatment, sewage sludge has an energy
content of about 60% in the form of organic carbon, making it a potential energy source [19].
Moreover, sewage sludge is continuously generated during all stages in a WWTP. Sewage
sludge contains organic pollutants, which can undergo thermochemical treatment while
reducing the volume and producing energy. Combustion, pyrolysis, and gasification
are three main thermochemical treatment methods, with the selection depending on the
required temperature range and desired products. Figure 1 summarizes the thermal
treatment options and their products.

In pyrolysis, the organic matter of sewage sludge is thermally degraded at high tem-
peratures in the absence of oxygen. The products are bio-oil, biochar, and syngas. Biochar,
which is also produced from biomass such as wood, is used mainly as a fuel, but it can also
act as a low-cost adsorbent to remove pollutants in the form of pharmaceutical compounds,
heavy metals, organic dyes, and phenolic compounds [20,21]. Ammonia inhibition and
acid stress in microbes during anerobic digestion are reduced by increasing alkalinity and
pH of solution which improves microbial colonization and results in increased yield of
methane and digestate quality [22]. The yield of products depends on temperature, pres-
sure, residence time, heating rate, sludge properties, and particle size. Pyrolysis is further
classified in slow, fast, and flash pyrolysis. Slow pyrolysis uses temperatures ranging
between 300 and 700 ◦C and a long residence time at a slow heating rate to maximize the
yield of biochar [23]. In fast pyrolysis, the heating rate is 10–200 ◦C/s and the residence
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time is between 0.5 and 10 s to increase the yield of bio-oil. In flash pyrolysis, the heating
rate is between 103 and 104 ◦C/s and the residence time is less than 0.5 s, with the bio-oil
yield slightly higher than in fast pyrolysis [24].
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Figure 1. Sewage sludge thermal treatment classification.

In combustion, sewage sludge is thermally decomposed at elevated temperatures
between 850 and 1300 ◦C [25], generating heat and electricity that can be utilized for
several operations. Meanwhile, so-called bottom ash is extracted from the bottom of the
furnace, and metals can be recovered, while the fly ash escaping with the flue gas can
also be captured, e.g., by bag filters or wet scrubbers [25,26]. Gasification based on the
partial oxidation of the organic solids produces synthesis gas that can be utilized for energy
production; however, this process is not further described here as it is not considered as a
treatment option.

Thermochemical treatment requires a lower moisture content, but the moisture content
of sewage sludge is still 73–84% after mechanical dewatering [25,27]. A moisture content
too high can decrease the combustion temperature, meaning that the EU Waste Incineration
Directive’s minimum required temperature of 850 ◦C is not met. The high amount of
moisture further introduces complexities into the pyrolysis process, such as the formation
of high-liquid products and an increase in non-condensable gases [28,29]. Thermal drying,
usually utilizing heat from the combustion of the sludge or non-condensable (odorous)
gases, offers a solution to reduce the sludge moisture content to 5–10%, reducing the
complexities and increasing the product quality [25,30].

Previous research indicates that nitrogen recovery (instead of simple removal) is
difficult to justify economically [31]. Hence, the efficiency should be improved, and
possibilities should be found to at least decrease the costs of nitrogen capture. Single
technical solutions, particularly for sludge or wastewater flow, are expensive compared
to the yield and value of the utilizable product. Integrating nitrogen capture from more
than one stream could improve the total recovery rate and make the investment less costly.
For this reason, the current study focuses on the integration of pyrolysis or combustion
with nitrogen recovery in the WWTP sludge treatment process to maximize the recovery
of nutrients and energy for cases in which biological treatment is insufficient to remove
harmful substances from the sludge. It also aims to evaluate the increase in the value and
quality of products from sewage sludge by using mass and energy balance calculations
and approximating the costs and revenues of each option.
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2. Materials and Methods

Two different sludge treatment and recovery processes currently being piloted in
Finland, namely pyrolysis and combustion, are selected as the scenarios for analysis in this
study. The pyrolysis-based process produces biochar, destined for use as an additive in
composting. The other process is based on thermal drying and subsequent combustion
of sludge, producing district heat and nutrient-rich (mainly P and Ca) ash, which is used
as forest fertilizer. Neither process currently incorporates nitrogen recovery in the pilot
plants. In this study, comparability is achieved by using the same sludge input flow for
both processes (although the pilot plants and WWTPs have very different sizes).

This study focuses on the following scenarios:

S1.0: Pyrolysis without N recovery.
S1.1: Pyrolysis with N recovery from thermal drying fumes but not from WWTP reject water.
S1.2: Pyrolysis with N recovery from both thermal drying fumes and WWTP reject water.
S2.0: Combustion without N recovery.
S2.1: Combustion with N recovery from thermal drying fumes but not from WWTP

reject water.
S2.2: Combustion with N recovery from both thermal drying fumes and WWTP reject water.

Scenarios S1.0 and S2.0 are the base scenarios without the recovery of nitrogen. In
the combustion base scenario, part of the fuel energy is recovered and utilized as district
heat and the ash product is used as a forest fertilizer. The pyrolysis base scenario uses
the sewage digestate in biochar production, and other pyrolysis products are combusted
to produce the heat energy required for the thermal drying and pyrolysis process. The
pyrolysis process additionally utilizes wood waste (to ensure energy self-sufficiency); in
the combustion scenario, this waste is directed towards additional district heat production.

The technical data from the two pilot plants are used in this study. In the pyrolysis
scenario, the sewage digestate obtained from the WWTP is pyrolyzed with wood (waste)
to produce biochar. In the combustion scenario, the sewage sludge is combusted, and
the excess energy is used for district heating. The comparison between the different
technologies is enabled by applying the technical performance values for the common
sludge mass flow, namely the sludge mass flow of the Viikinmäki WWTP in Helsinki,
operated by Helsinki Region Environmental Services (HSY).

2.1. Wastewater Treatment Plant, Sludge Digestion, and Dewatering

In the WWTP plant, wastewater enters with a flow rate of 92 × 106 m3/a with
29 × 106 kg/a total solids (TS). The plant potentiality in terms of population equivalent
is 3 m3/day/person. Nitrogen and phosphorus are the two primary nutrients, with mass
flow rates of 4900 t/a and 600 t/a, respectively. After the wastewater treatment processes of
pre-treatment, screening, and aeration, the raw sludge enters anaerobic digestion, resulting
in biogas and digestate. The biogas is used for heat and electricity production, whereas the
remaining digestate goes to dewatering. The amount of reject water is calculated based on
the difference in the mass of the digestate and dewatered sludge.

The total energy consumption of the WWTP is 0.42 kWh/m3. After anaerobic diges-
tion, the sewage sludge has a 95% moisture content, and sequential moisture removal
processes are key to thermally treating sludge. Thermal drying is an energy-intensive
process; therefore, dewatering is performed beforehand to reduce the energy consump-
tion [25]. Dewatering of the digestate helps to reduce the volume of the sludge by removing
water, simplifying transport, and increasing the calorific value [32]. The pyrolysis of wet
digestate generates steam in the reactor, leading to either a higher moisture content in the
product or a high production of non-condensable gases. Furthermore, the combustion
of high-moisture digestate would not achieve the temperature levels required by waste
combustion legislation. Therefore, sewage sludge undergoes mechanical dewatering and
thermal drying to reduce the moisture content to 65% and 5%, respectively [33].

Nutrients, mainly nitrogen, are still available for recovery in the reject water as well
as the thermal drying fumes, which are directed to the condenser, with the resulting
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condensate containing nitrogen. Mass balance calculations are conducted for both dewa-
tering and thermal drying, whereby nitrogen is the key focus in all phases. The nitrogen
share in the reject water is about 16% of the total nitrogen contained in the wastewater,
which is within the 10–30% range reported in previous studies [34]. In thermal drying,
the target moisture removal is 80% [30]. Saud et al. [31] and Deviatkin et al. [30] investi-
gated nitrogen recovery from thermal drying of sewage sludge using established scrubber
technology. The mass balance for the WWTP and the dewatering and thermal drying
processes is presented in Table 1; a more detailed mass balance is given in the Table S2 of
the Supplementary Materialss.

Table 1. Mass balance for the WWTP considered in this study [35].

WWTP Value Unit

Wastewater 250,000 m3/d
Nitrogen 13 t/d
Phosphorus 1.6 t/d
TS 79 t/d
Clean water
Mass 250,000 t/d
Nitrogen 1.2 t/d
Phosphorus 0.041 t/d
Mass to digestion
Mass 2600 t/d
TS 88 t/d
Nitrogen 3.6 t/d
Phosphorus 1.4 t/d
Dewatered digestate
Mass 180 t/d
TS 52 t/d
Nitrogen 1.5 t/d
Phosphorus 1.4 t/d
Reject water
Mass 2400 t/d
TS 1.1 t/d
Nitrogen 2.1 t/d
Phosphorus 0.033 t/d
Thermally dried digestate
Mass 58 t/d
TS 52 t/d
Moisture content 20 %
Nitrogen in drying fumes 0.74 t/d
Condensate
Mass 120 t/d
Nitrogen 0.47 t/d

2.2. Pyrolysis Scenario

In the pyrolysis scenario, presented in Figure 2, wood waste is used together with
digestate to produce biochar and pyrolysis gas. The digestate constitutes 70% of the
pyrolyzed mass, and the remaining 30% is wood waste. The reason for adding wood
waste is to compensate for the lower heating value of the digestate and to introduce more
carbon. The pyrolysis process is assumed to be self-sufficient in terms of heat energy
through the combustion of the pyrolysis gas and recovering the heat to be used for both
thermal drying and pyrolysis. The electricity consumption of the thermal drying process is
0.45 kWh/kg [36], whereas that of the pyrolysis process is another 0.01 kWh/kg [35]. The
mass balance of the pyrolysis process is summarized in Table 2.
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2.3. Combustion Scenario

The sludge combustion data are taken from a novel sludge combustion plant, sited
in Rovaniemi (Finland) and built by Endev Ltd., which has a throughput of 10,000 t/a.
After mechanical dewatering in the WWTP, the sludge enters an integrated fluidized bed
drying and combustion process (Figure 3). First, hot sand from a combustion reactor is
mixed with the sludge in a dryer to remove moisture, thereby increasing the dry solids
content of the sludge to 95–98 wt %. Then, the dried sludge is transferred to a fluidized bed
reactor for combustion. The temperature of the reactor is maintained at 850 ◦C to ensure the
destruction of organic pollutants (pathogens, drug residuals, microplastics, etc.). The ash
formed in the combustion is carried with flue gases and extracted at two points: the majority
of the ash (>95 wt %), the so-called product ash, is collected through a high-temperature
cyclone after the air preheater, while the finer ash is removed by a bag filter as byproduct
ash. The heat produced in the combustion is used in thermal drying and district heating,
whereas the hygienic and nutrient-rich product ash can be used as fertilizer. The water
vapor from the fluidized bed dryer is sent to a condenser, and the condensate is directed to
the WWTP for wastewater treatment. This condensate contains recoverable nitrogen with
concentrations up to 3000 mg/L. The electricity consumption of the combustion plant is
0.147 kWh/t of dewatered sludge, and the thermal efficiency of the plant is 82%.

A wood boiler is also added to the process to make the mass and energy balance
comparable with the pyrolysis scenario. The lower heating value (as-received basis) of
thermally dried digestate and wood waste is calculated using Equation (1).

LHVar = LHVdry × (1 − w)− l25w (1)

where the lower heating value for total solids (LHVdry,D) is 13 MJ/kg for thermally dried
digestate and 18 MJ/kg for wood (LHVdry,W). Furthermore, the moisture content, w, is
5% for thermally dried digestate and 41% for wood waste, and the heat of vaporization
of water, l25, is 2.443 MJ/kg. As a result, the lower heating value as received, LHVar,D of
thermally dried digestate is 12 MJ/kg, and the LHVar,W of wood is 9.6 MJ/kg.
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2.4. Recovery of Nutrients

In both the pyrolysis and combustion scenarios, 780 t/a of nitrogen ends up in the
reject water and can be recovered by adding a stripper and a gas scrubber to the systems.
Furthermore, it is assumed, based on Horttanainen et al. [37], that 12% of the total nitrogen
in the dewatered sludge is released in the thermal drying fumes in the form of NH3. The
high moisture content of the drying fumes would result in a diluted fertilizer. To avoid
this, a condenser is added to the process before the stripper–scrubber combination, and
thus the drying fumes first pass through this condenser; the condensate is directed to the
stripper–scrubber combination together with the reject water.

Air is used to separate gaseous ammonia (NH3) from the liquid in the column in the
stripping process. This study assumes a stripping column efficiency of 95% based on the
previous literature [38,39]. Subsequently, the stripped gas is directed to an acid scrubber to
capture ammonia using sulfuric acid to produce ammonium sulfate. In the scrubber, the
liquid to gas (L/G) ratio, acid pH, and mass transfer area play significant roles [31,40]. The
scrubber efficiency is also assumed to be 95% based on previous studies [41,42]. The exhaust
gas from the scrubber is directed to combustion to destroy possible odorous compounds.

2.5. Cost Estimation

The general cost estimation is conducted based on sewage sludge-derived biochar and
district heat prices in Finland. Table 2 takes only the sewage sludge-derived biochar values
into account in the calculation of the total investment cost. However, other wood-derived
biochar values are presented to enable a comparison of the prices with sewage sludge-
derived biochar. There is a high variation in the district heat prices due to differences
in regional transmission and supply and demand. Therefore, an average of all values is
considered to calculate the revenue from district heating. All district heating prices are
exclusive of value-added taxes (VAT).
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Table 2. Biochar and district heat revenue estimation in the pyrolysis and combustion scenarios.

Biochar (S1.1 and S1.2)

Price (EUR/t) Country Reference
Sewage sludge derived

0 Finland [43]
400 Finland [43]

Wood derived
700 Finland [44]
800 USA [45]

District heat (S2.1 and S2.2)
Price (EUR/MWh) Country Reference

40 Finland [46]
50 Finland [47]
60 Finland [48]
62 Finland [49]
118 Finland [46]

3. Results and Discussion
3.1. Recovery of Nitrogen from Drying Fumes

The results of the pyrolysis and combustion scenarios with and without the recovery
of nitrogen from the reject water are shown in Figures 4–9. Figures 4 and 5 present the base
scenarios S1.0 (pyrolysis without N recovery) and S2.0 (combustion without N recovery),
respectively. In both scenarios, it is evident that nitrogen could be recovered from the
drying fumes and reject water.
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The pyrolysis scenario S1.1 and combustion scenario S2.1, where nitrogen is recovered
from the drying fumes but not from the reject water, are presented in Figures 6 and 7,
respectively. The mass balance calculations reveal that the nitrogen loss in the WWTP
process is 3100 t/a in the form of N2 to the atmosphere and 450 t/a in the form of nitrate
(-NO3) and ammonium ions (NH4+) to clean water, estimated as a 73% loss of total nitrogen.
The remaining nitrogen ends up in dewatered digestate, calculated at 550 t/a, or 11%. The
remaining 16%, or 780 t/a, is present mainly in the reject water from the mechanical
dewatering and can be recovered. Similarly, it is calculated that 3% of nitrogen can be
recovered from the drying fumes. The drying fumes from the thermal dryer contain 160 t/a
of nitrogen, capable of producing ammonium sulfate fertilizer. The condenser offers two
benefits: firstly, it removes moisture from the non-condensable odorous gases that enter
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the combustion process. Secondly, it recovers nitrogen from the condensed water. In this
case, assuming a scrubber efficiency of 95%, 160 t/a of nitrogen can be captured for use
as fertilizer. Odorous gases are directed to combustion. In Figure 5, the combustion of
sewage sludge produces 120,000 MWh/a of heat, which can be used for district heating, as
explained in a later section. Thermally dried sludge still contains 400 t/a of nitrogen, which
is eventually combusted and cannot be utilized. Phosphorus ends up in the ash of sewage
sludge combustion. A more detailed nutrient balance is presented in the Tables S4–S6 in
the Supplementary Materials. Almost 95% of the phosphorus in thermally dried sewage
sludge ends up in the product ash, with the remaining 5% contained in the non-utilizable
byproduct ash [50].
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As shown in Figure 4, 12,000 t/a of biochar, as the main product, contains about
150 t/a nitrogen, and 150 t/a of ammonium fertilizer can be produced in the scrubber as
part of the pyrolysis process. The biochar also includes 500 t/a of phosphorus. This biochar
has commercial value as a soil amendment and fertilizer due to the presence of nutrients
such as phosphorus and nitrogen, although it may be in a less available form for plants [51].
The gases produced during pyrolysis are used for heating in the main plant equipment,
such as the pyrolysis reactor and dryer.

3.2. Recovery of Nitrogen from Reject Water

Only a small amount of nitrogen (268 t/a) is available for recovery in the thermal
drying fumes. It is difficult to justify the investment needed to conduct this recovery alone
as the off-gases are irrespectively treated during combustion, whereby the ammonia can
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be converted to N2. To increase the overall feasibility of nitrogen recovery, it is possible to
combine the recovery from thermal drying fumes with recovery from WWTP reject water,
which contains the majority of recoverable nitrogen. In the WWTP reject water, 780 t/a of
nitrogen is available for recovery and further utilization as ammonium fertilizer as shown
in Figures 8 and 9.
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3.3. Comparison of Mass and Energy Balances

The mass balances of the pyrolysis and combustion scenarios (Table 3) use the same
amount of wastewater input, and the difference is in the end-products’ masses. As shown
in Table 3, biochar is produced in pyrolysis at a mass of 12,000 t without ash production,
while the combustion process produces 9700 t of ash as a byproduct along with district
heat, including 1600 t of wood ash. More than 95% of the ash is separated by a cyclone at
a high temperature to reduce the heavy metal concentration. The resulting ash contains
phosphorus and can be used in forestry or agriculture, although only 10–25 wt % is available
in the form of P2O5 compared to the 5–40 wt % of P2O5 in phosphate ores. The ash can also
be used to manufacture lightweight bricks and tiles, as an additive in the manufacture of
cement, and as a raw material for Portland cement [52]. Meanwhile, biochar can be used as
an adsorbent to remove heavy metals and pollutants from aqueous solutions [53] and as a
soil amendment [54]. The heavy metals in biochar and other hazardous compounds, such
as dissolved organic carbon which might end up in soil and drinking water after leaching
or rainfalls, are still a concern in applicability of biochar in soil. The potential risk of heavy
metals in sewage sludge can be reduced by pyrolysis with variation of temperature [55].
The increase in temperature from 300 to 700 ◦C, increase the concentration of zinc (Zn),
chromium (Cr), nickel (Ni), and copper (Cu), whereas the concentration of lead (Pb)
and cadmium (Cd) is decreased when temperature increases from 600 to 700 ◦C. More
research and experimental work is needed to completely analyze the heavy metal impact
in biochar [56]. The microplastics are also removed at a temperature of 500 ◦C, which
decreases the potential risk to the environment [57]. The detailed mass balance is presented
in the Table S2 in the Supplementary Materials.

The pyrolysis and combustion processes differ in their energy balance (Table 4). The
production of district heat is the main product in combustion, whereas pyrolysis produces
biochar, and the energy of the pyrolysis gas is used to heat the pyrolysis process and dry
the sludge. The additional energy consumption in the reject water recovery scenario is
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due to the increased mass flow rate of the water, which needs to be heated up to 60 ◦C
for stripping. Consequently, the stripper–scrubber electricity consumption is tripled as
compared to the energy balance without reject water recovery. The condensate entering the
stripper without reject water recovery has a temperature of 60 ◦C [50] and further heating
is not required. However, with reject water recovery, the reject water is assumed to be
28 ◦C before heating because the temperature of the digested mass is usually 28–32 ◦C
after dewatering; hence, the liquid needs to first be heated to 60 ◦C to achieve the optimum
efficiency in the stripper [58].

Table 3. Comparison of mass balance for pyrolysis and combustion.

Mass Balance Pyrolysis Combustion Units

Inputs
Wastewater 92,000,000 92,000,000 t/a
Wood waste 27,000 27,000 t/a
H2SO4 3700 3700 t/a
NaOH 3100 3100 t/a
Intermediate products
Mass to digestion 950,000 950,000 t/a
Biogas 13,000 13,000 t/a
Reject water from mechanical dewatering 867,000 867,000 t/a
Dewatered sludge 65,000 65,000 t/a
Thermally dried sludge 27,000 27,000 t/a
Outputs
Clean water 91,500,000 91,500,000 t/a
Ash 0 9700 t/a
Biochar 12,000 0 t/a

Comparing the end products, in addition to the respective biochar and district heat,
both processes also produce 3500 t of ammonium sulfate from the drying fumes and reject
water (Table 5). The chemical consumption is also analyzed for both stripping and scrub-
bing. NaOH is used in the stripper to raise the pH of the liquid to 8–11, depending on the
process conditions, while H2SO4 is used as a scrubbing agent to absorb ammonium ions.

The concentration of ammonium sulfate affects how it can be used in agriculture in
combination with other fertilizers. In order to achieve commercial-grade fertilizer, further
post-treatment such as crystallization or evaporation may be required, which adds cost to
the process [31].

3.4. Comparison of Revenues and Costs

The cost and revenue calculations were conducted for both process scenarios and
with and without reject water recovery. Biochar and heat, having monetary value, are
the main products of the two optional sludge treatment processes. Biochar can have
commercial value, but it is subject to a wide range of prices depending on many factors,
such as the source of the feedstock, process parameters, amount of equipment used, and
operating costs [59]. As there is no difference in biochar production with or without
reject water recovery, Table 6 presents different values from the literature to analyze the
revenue generation in the pyrolysis scenarios S1.1 and S1.2. The other reasons for biochar’s
uncertain market value are the unavailability of commercial-scale production methods
and the unestablished demand for different quality biochars. The high cost of biochar
prevents consumers from using it in large quantities, but this cost will reduce following
the commercial production of biochar. Furthermore, biochar made from biomass can be
utilized in pyrogenic carbon capture and storage (PyCCS), whereby sequestered carbon
dioxide can be sold on the market (Puro Earth 2021), which could offer added value for
biochar made of sewage sludge digestate.
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Table 4. Comparison of energy balance for both pyrolysis and combustion with and without reject
water recovery.

Energy Balance Pyrolysis (MWh/a) Combustion (MWh/a)

Without reject water
Consumption
Reactor electricity consumption −6500 −9600
Stripper and scrubber electricity consumption −680 −680
Production
District heat sewage sludge 0 56,000
District heat wood 0 62,000

Net balance of heat 0 120,000
Net balance of electricity −7200 −10,000

With reject water
Consumption
Reactor electricity consumption −6500 −9600
Stripper and scrubber electricity consumption −3900 −3900
Stripper heat consumption −34,000 −34,000
Production
District heat sewage sludge 0 56,000
District heat wood 0 62,000

Net balance of heat −34,000 84,000
Net balance of electricity −10,000 −13,000

Table 5. Production of ammonium sulfate.

Ammonium Sulfate Production Pyrolysis Combustion Units

Ammonium sulfate/kg NH3 4 4 kgammsulfate/kg NH3
Ammonium sulfate from total off-gases 600 600 tammsulfate/a
Ammonium sulfate (from reject water) 2900 2900 tammsulfate/a
Total ammonium sulfate 3500 3500 tammsulfate/a

As shown in Table 7, the commercial value of district heating produced in combustion
is also compared with existing district heating prices, excluding VAT, for scenarios S2.1
and S2.2. The main difference between the two scenarios is the larger consumption of heat
during reject water recovery, which is necessarily subtracted from the total production
of district heat. District heating clearly has the potential to generate revenue. Moreover,
the disposal cost of sewage sludge in landfill ranges between 60 and 200 EUR/t of TS
in Europe. The treatment cost using pyrolysis and combustion may be higher, but these
represent an environmentally safe way to utilize sewage sludge [60].

Table 6. Revenue and cost estimation of fertilizer and used chemicals for S1.1 and S1.2 (pyrolysis
with nitrogen recovery).

Pyrolysis Reference

Costs Mass, t/a Cost, EUR/t Total, M EUR/a
Chemical used
H2SO4 3700 160 −0.59 [61]
NaOH 3100 380 −1.2 [62]
Annual investment
Sewage sludge 65,000 35–45 −2.3–(−2.9) [63]
Revenues Mass, t/a Price (EUR/t) Total, (M EUR/a)
Ammonium sulfate-N 4000 660 2.6 [51]
Biochar 12,000 400 4.8 [63]

Total 2.8–3.4
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Table 7. Revenue and cost estimation of fertilizer and used chemicals for S2.1 and S2.2 (combustion
with nitrogen recovery).

Combustion Reference

Costs Mass, t/a Cost, EUR/t Total, M EUR/a
Chemical used
H2SO4 3700 160 −0.59 [61]
NaOH 3100 380 −1.2 [62]
Annual investment
Sewage sludge 65,000 30–60 −2–(−3.9) [63]

Revenues Mass, t/a Nitrogen/Phosphorus
(EUR/t) Total, (M EUR/a)

Ammonium
sulfate 4000 660 2.6 [51]

Phosphorus 480 1600 0.76 [51]
MWh/a Price (EUR/MWh) Total, (M EUR/a)

District heat 120,000 66 7.9 [46–49]

Total 3.3–5.2

The recovery of nitrogen from reject water increases the amount of ammonium sulfate
produced. For both pyrolysis and combustion, Tables 6 and 7 show the revenue generated in
terms of nitrogen (in the form of ammonium sulfate) and phosphorus. Ammonium sulfate
can generate 3 M EUR/a in revenue from both the pyrolysis and combustion processes,
whereas phosphorus can generate 1 M EUR/a in the combustion process. The reason for
the high revenue from combustion is the ash produced in addition to district heating.

On the other hand, the recovery of reject water also increases the chemical consump-
tion requirement in stripping and scrubbing. H2SO4 and NaOH each add 1 M EUR/a to
the operational cost.

The economic estimations of the scenarios can only be approximated since both
technologies are in the pilot phase and there is no exact information on the investment
and operation costs at the full scale. The total investment cost of the Rovaniemi plant is
about 4.3 M EUR, and taking the interest rate of 5% and a depreciation period of 20 years,
the calculated investment cost is about 30 EUR/t of sludge treated. The fluidized bed
combustion plants in Geneva, with a capacity of 55,000 t/a and 28% TS, and the 90,000 t/a
plant in Zurich, Switzerland, with 33% TS, have total investment costs of 30–50 M EUR.
In Finland, a large fluidized bed plant with a capacity of 70,000 t/a and 25% TS costs
about 25 M EUR. Similarly, a pyrolysis plant with the capacity of 30,000 t/a, assuming a
5% interest rate and a 20-year depreciation period, will have an investment cost of 13–17 M
EUR, or 35–45 EUR/t of sludge treated [63].

In this study, 65,000 t/a of sludge with 29% TS also falls within the range of the invest-
ment costs provided above. In Tables 6 and 7, the estimated investment costs are presented
for both the combustion and pyrolysis processes in the different pilot plants. These costs
are comparable to the revenues and major chemical costs. The annual investment costs
for combustion are 2–4 M EUR, whereas for pyrolysis they range between 2 and 3 M EUR.
Adding up the revenues for all the byproducts and subtracting the chemical costs for the re-
ject water recovery scenario, the total revenue would be 3–5 M EUR/a and 3–3.5 M EUR/a
for combustion and pyrolysis, respectively. In comparison with the annual investment
cost, these revenue values clearly dominate. The two-edged benefits of sewage sludge
include the recovery of nutrients from waste and the production of revenue from the
resultant products, thereby emphasizing the need to consider these alternatives in sewage
sludge management.

4. Conclusions

The integration of pyrolysis and combustion processes with a gas scrubbing technol-
ogy at a large-scale WWTP was investigated through mass and energy balance calculations,
in order to maximize the recovery of nutrients and energy from municipal sewage sludge.
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It is shown that approximately 73% (3600 t/a) of the total nitrogen within the wastewater
entering the WWTP (4900 t/a) is lost to the air and clean water; the rest is divided between
different stages of sludge treatment. Nitrogen can be recovered from two stages: (i) me-
chanical dewatering (16%, 780 t/a) and (ii) thermal drying (3%, 270 t/a). Furthermore,
120 GWh/a of district heat and 9700 t/a of ash with 500 t/a phosphorus are obtained in
the combustion scenario and 12,000 t/a of biochar with 500 t/a phosphorus is obtained in
the pyrolysis scenario.

It is not possible to recover a large amount of nitrogen from thermal drying alone,
and investment for this purpose only would not be cost-effective. However, there is a
likelihood that the ammonia in the off-gases of thermal drying is oxidized, producing
NOx emissions, which would make the investment for nitrogen removal/recovery more
desirable. The high nitrogen content in reject water can represent a high wastewater
treatment cost for sludge treatment plants and a nitrogen load problem for WWTPs. In
this regard, it would be beneficial to recover nitrogen from two sources instead of one, i.e.,
reject water and thermal drying fumes, as it would not substantially change the dimensions
of the equipment required for recovery. The recovery from thermal drying fumes could be
performed with almost the same effort and expense as the recovery from reject water alone,
but the recovery rate would increase by more than 20%.

The addition of a stripper and a scrubber for nitrogen recovery increases the total
electricity consumption in both scenarios. Combustion and pyrolysis require annual
investment costs of 2–4 M EUR/a and 2–3 M EUR/a, respectively, while 3–5 M EUR/a and
3–3.5 M EUR/a would be generated as product revenues.

Both technologies are viable options for nutrient and energy recovery during sewage
sludge disposal, having the capability to overtake conventional sewage sludge disposal
methods. However, further research is required for high product yields and decreased
investment costs.

Supplementary Materials: The following are available online https://www.mdpi.com/article/10.3
390/recycling6030052/s1, Table S1: Properties, Table S2: Detailed mass balance of WWTP, pyrolysis
and combustion, Table S3: Calculations of energy balance for pyrolysis and combustion, Table S4:
Nitrogen balance for combustion with and without reject water recovery, Table S5: Nitrogen balance
for pyrolysis with and without reject water recovery, Table S6: Phosphorus balance for combustion
and pyrolysis.
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