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Abstract: The treatment and disposal of sewage sludge is one of the most important and critical
problems of wastewater treatment plants. 8.7 million tonnes of dry matter of sewage sludge were
produced annually in the European Union in the year 2020. Due to the fact that sewage sludge
contains a large number of substances that are not beneficial for human health, the conditions for
sludge management will be significantly tightened in the EU countries. One option for sludge
liquidation is the production of biofuel in a form of granules or pellets from sewage sludge enriched
by waste celluloses. The achieved results show that the resulting quality of such alternative biofuel is
fully comparable to conventional fossil fuels. The economic analysis is based on the simulation of
cash flows associated with the implementation of the project over the lifetime and the calculation
of levelised cost (LCOE). Results shows (under the current economic situation) that solar dryer
technology ensures the lowest LCOE at the level of 26 EUR/GJ in fuel. If the LCOE of the alternative
biofuel includes the price of the saved emission allowance and the future costs of sewage sludge
disposal, the resulting price is directly competitive with lignite. The results thus clearly show that
there is an ecological and economically competitive substitute for solid fossil fuels, which may be an
important step for the future use of local combustion sources such as district heating plants.

Keywords: alternative fuel; levelised cost; sewage sludge; drying; waste cellulose; solar dryer

1. Introduction

The treatment and disposal of sewage sludge from wastewater treatment plants is
one of the most important and critical problems of wastewater treatment and manage-
ment. Sewage sludge is contaminated with a wide range of hazardous substances and
organic pollutants that are harmful to human health, and therefore its proper treatment is
essential [1]. The volume of wastewater and how it is managed depends on the level of
economic development of a country. According to [2,3] 9.6 million tonnes of dry matter
of sewage sludge were produced annually in the European Union in the years 2009–2011.
Sludge production is declining only very slowly, according to the EurEau Association [4],
the EU sludge production in 2020 was 8.7 million tonnes of dry matter. Historically, there
are three basic methods of sludge recovery or disposal: direct application to agricultural
land for fertilisation, off-farm application to produce industrial composts and reclamation
substrates, and thermal treatment. Authors of [5] compared the existing strategies of the
treatment of sewage sludge. They proposed the environmental, economic, and technical
evaluation of different systems, and recognized sewage sludge as a valuable source of
energy. Syed-Hassan et al. [6] and Tsybina and Wuensch [7] discuss possible options for
converting sewage sludge to energy and fuel via three main thermochemical conversion
processes, namely pyrolysis (discussed also by authors in [8]), gasification (investigated in
detail by [9]), and combustion (incineration). They are stating the fundamental behaviour
of sewage sludge and the challenges of each technology.
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Incineration of sewage sludge has been, in recent years, an increasingly discussed
and frequently tested alternative to proper and environmentally safe disposal of sewage
sludge instead of its application to agricultural land [10]. This disposal method of thermal
treatment of sewage sludge offers sufficient heating value for its possible usage as an
alternative fuel for energy production, as indicated by [11]. A promising and frequently
tested method of liquidation of sewage sludge is its combustion and co-combustion with
other fuels. Raw sludge can be burned with other fuel, usually but not only with coal,
as is proven by many authors, such as [12–15] or dried to improve its calorific value for
mono-combustion [16,17].

The authors of [18] discussed the potential of energy utilization of sewage sludge.
They focused on calorific values of various sewage sludge that ranges from approximately
6 GJ/tonne to 16 GJ/tonne depending on the water content and the level of fermentation
performed. The calorific value of ordinary brown coal burned for energy purposes is
generally lower than 15 GJ/tonne. The thermal treatment of sludge is also supported by the
recent legislative tightening of the EU rules. This legislation regulates the required hygienic
properties of sludge before its final use. In other words, this legislation prescribes the need
to properly sanitize the sludge before its further use. In practice, this usually means that
the dewatered sewage sludge is treated at a sufficiently high temperature for the necessary
period of time to ensure its healthfulness. This additional energy must be spent only on
sludge disposal. Therefore, if sanitation is followed by sludge disposal only, this would be
contrary to the idea of a circular economy.

A circular economy is based on the elimination of waste and the deliberate recycling
and reuse of materials. It thus departs from the ‘Take-Make-Dispose’ approach used so
far in the linear economic model and tries to find workable solutions in which the waste
from one process is the input to the downstream process [19]. The circular economy
principles of sewage sludge management are also supported by increasing landfill charges
and decreasing landfill capacity [20]. Tsybina and Wuensch [6] mentioned problems with
the disposal of sewage sludge in agriculture and deposition in landfills associated with
environmental pollution. They also concluded that in thermal treatment methods energy
can be recovered and used, some hazardous materials can be destroyed, and valuable
nutrients such as phosphorus can be recovered. They also analysed the three thermal
treatment methods–incineration, gasification, and pyrolysis based on cost, energy efficiency,
nutrient recovery, product market value, and flexibility. They found that the incineration
of sewage sludge performs best in terms of treatment costs, energy efficiency, nutrient
recovery, and flexibility concerning feedstock dry matter content. Pyrolysis performs best
in terms of the market value of the generated products and flexibility regarding plant size.

There are already multiple approaches to processing and transforming sewage sludge
to recover valuable resources and energy in the context of a circular economy. These
procedures are discussed in detail by the authors of [21]. Sakiewicz et al. [22] demonstrated
the high sorption ability of ashes with nanostructural additives (halloysite, kaolinite) from
the combustion of sewage sludge after the anaerobic fermentation for nutrients important
in agriculture (Na+, K+, NO3−, SO42−, PO43−, Cl−). For the purpose of this research,
valorisation in the form of solid biofuel production without any additives was chosen.
The non-use of additives was done especially for the initial verification of the chemical
properties of the pure biofuel for subsequent combustion. The second reason was to try to
quantify the lowest possible production costs to verify competitiveness. However, the idea
of adding additives is very promising for the future, but the choice of a specific additive will
depend on the specific situation (input parameters, specific parameters of the combustion
source, other requirements for ash utilization, etc.). The reason for this specific valorisation
is the urgent need to replace fossil lignite in existing combustion sources in the very near
future.

The first and most energy intensive step in this process is the actual drying (and
sanitisation) of the sludge. The sludge has to be dried in a solar, rotary drum, or low-
temperature belt dryer to 15 to 20% moisture before processing as a fuel for combustion
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boilers. When drying the dewatered sludge at temperatures of 70–80 ◦C, the time required
for full sanitation of the sludge is about 10–30 min [23]. The use of a rotary tumble dryer
is highly efficient and time-saving, but energy and capital intensive, which leads to high
operating costs and reduced economy of the entire process. Solar dryers use the heat of
solar radiation, and achieving sanitation requires a more extended period. However, this
type of drying is energy and cost inexpensive, and its use achieves a significantly better
overall economy of the sludge fuel production process.

According to the findings in [24], sewage sludge is understood as a form of biomass.
Co-incineration of sewage sludge with other suitable fuels in the form of pellets is more
frequent than the combustion of sludge itself. Adding suitable additives, most often coal, or
various forms of biomass improves both pelletizing (dewatering, pressure, and temperature
as indicated in [18]) and combustion process [25], respectively.

The properties of pure paper sludge and the economics of its incineration are discussed
in [26]. In this study, the waste cellulose mill sludge was used as fuel for a fluidized bed
boiler with a nominal thermal output of 17.2 MW and a maximum combustion capacity
of 140 tons of examined fuel per day. Electricity was produced by an electric generator
with a nominal electrical output of 4.9 MW using the heat produced in a fluidized bed
boiler. The results show better properties of paper sludge compared to sewage sludge.
For this reason (to improve the properties of the resulting biofuel), the sewage sludge was
enriched with paper sludge in a ratio of 2:1 within our experiments. This ratio is based on
preliminary tests and takes into account the lower availability of paper sludge compared to
sewage sludge. However, this ratio can be modified on the basis of available inputs, or the
substitution of paper sludge with other suitable wastes can be considered.

In the current moment of extremely high energy prices, the issue of production costs
of fossil fuel substitutes is coming to the front. However, there is currently a lack of relevant
data and discussion in this area. Therefore, the main objective of our research is to verify
the possibility of using an alternative biofuel (based on sewage and paper sludge) as
a substitute for fossil fuels, including the detailed calculation of the production cost of
this biofuel.

2. Materials and Methods

The proposed methodology of the technological process and its individual main steps
for the production of alternative fuel from the investigated mixture of sewage sludge and
waste celluloses is shown in Figure 1.
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Processing and utilization of sludges produced by municipal wastewater treatment or
other biomass waste treatment comprises a series of processes and can be divided into the
following basic stages in terms of economic assessment:



Energies 2023, 16, 518 4 of 12

Wastewater treatment

• Sludge production and primary sludge dewatering (before transporting to the pro-
cessing site or input into the next process) are logically implemented directly at the
sludge production sites. Significant thickening of the sludge (dewatering) allows us to
significantly reduce the requirements (and costs) for transportation of the sludge to
the next processing site. From the point of view of optimising investment costs, it can
be assumed that the sludge drying facilities will be supplied from several treatment
plants. This may lead to regional centres promoting local energy independence.

Transport of dewatered (condensed) sludge

• Transport of dewatered sludge is the first major cost item. The reference model
assumes a situation where sludge processing is done in close vicinity of a wastewater
treatment plant, and the average transport distance does not exceed 10 km.

Sludge drying

• Sludge drying can be implemented using different technologies. Three specific options
are calculated in the economic evaluation, namely solar dryer, low-temperature belt
dyer, and rotary dryer. These technologies differ mainly in the speed of drying and the
energy input requirements. Their technical and economic parameters are compared in
detail in the following text.

Sludge processing into final fuel

• The resulting fuel form is derived from the requirements of the combustion source. In
the case of a solar dryer, the resulting product can be used as a fuel granulate that can
be burned directly in larger (fluid bed) boilers. In the case of the low-temperature belt
dryer and rotary dryer, the pelletization process provides the resulting fuel form. The
aim is to obtain a resulting fuel that can be used as a direct substitute for lignite.

A summary and localisation of all the described processes are given in Table 1. The
process flowrates are depending mainly on the capacity of the dryer and the availability
of sludge. The capacity of the pelletizing line should be determined not only by the
size of the equipment but also by the decision whether it will be used in one-shift, two-
shift, or possibly a three-shift operation. In the current conditions, it seems economical
to consider only single-shift operations because of the increased personnel costs in the
other options. Therefore, the additional capacity of production for pelletization is usually
available if needed.

Table 1. Main steps in the technology of fuel production from sewage sludge and waste biomass.

Process Step Site Activity

Raw sludge production Wastewater treatment plant and industrial water
treatment plant

Production of sewage sludge and waste
cellulose sludge.

Raw sludge dewatering Wastewater treatment plant, Place where waste
biomass is generated

Raw sludge dewatering from 96% to 75–70%
moisture content. 70% moisture chosen for the

analysis.

Transport Site of further sludge processing
Road transport of 5410 tonnes of dewatered
sewage sludge annually, estimated cost of

transportation is 0.5 EUR/ton.km.
Drying to final moisture Solar dryer Drying to 20% moisture content.

Production of pellets Pelletizing plant
Sewage sludge with addition of paper waste

biomass, mass ratio 2:1, final moisture content
below 15%.
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As part of the research, the mechanical properties of the pellets were tested. The
mechanical resistance of pellets is expressed as PDI (Pellet Durability Index) using a
Holmen NHP 1000 apparatus. In the test, 100 g of pellets are pneumatically moving in a
cell with perforated walls for 60 s. After the test, the value of PDI is calculated as a mass
percentage of particles greater than 3.15 mm. The hardness of pellets is expressed as a
weight load (in kg) that the pellet could withstand without destruction. Tester KAHL ak-1
was used for this purpose. The Wettability index (WI) is the last to be quantified. This index
indicates the amount of distilled water absorbed by pellets after 30 s exposure.

Economic Assessment of Sludge Processing

Due to the significantly stricter requirements for sludge use, laid down by MoE Decree
no. 437/2016 Coll. starting from 2023 (sludge sanitization, etc.), a considerable increase in
the energy application of sludge can be expected. That is why the economy of the whole
sludge energy use process needs to be considered in detail, and its economy ratio has to be
assessed against other sludge disposal and reuse methods.

The assessment of economic effectiveness (competitiveness) of sludge energy use
applies an economic model that involves the typical processes associated with the chosen
sludge processing technique. Reference technical-economic parameters then have to be
defined for these processes, including the quantity of sludge. It is important due to the
relatively high share of investment costs (or constant costs arising from them) in the total
costs of sludge processing. The reason is that the total investment costs of technology
are not in direct proportion to the quantity of waste processed. The quantity of sludge
produced in wastewater treatment is the function of the number of equivalent inhabitants
connected. One equivalent inhabitant produces approx. 20 kg of sludge (measured as dry
matter). That corresponds to a production of approx. 207 thousand tonnes of sludge dry
matter for all of Czechia (see [3]). Thus, an area with 50 thousand equivalent inhabitants
produces approx. 1000 tonnes of sludge dry matter a year.

The model for analysis of the economic effectiveness of sludge disposal is based on
two basic principles: the relevant cost inclusion principle and the opportunity cost principle.
The principle of including only relevant costs and revenues means counting only those
costs of sludge processing and reuse for energy purposes that are directly induced by
processes related to this method of sludge processing. In other words, it excludes costs that
would have to be expended regardless of the sludge processing and reuse method, such as
dewatering units at wastewater treatment facilities. Examples of such costs include costs of
wastewater treatment plant operation and primary sludge condensation to enable sludge
transport, regardless of the method of further processing and utilization.

The opportunity cost principle consists in including (as an economic benefit) costs
saved by this sludge disposal and utilization method. On the benefit side, therefore, the
economic model may include costs of acquisition of emission permits that are saved (if
combustion of the sludge, or fuel made from it, displaces fossil fuels, e.g., coal combusted
in fluid bed boilers). Another potential benefit is the saving of current costs of sludge
treatment and disposal incurred by wastewater treatment plant operators. This may take
the form of the sludge originator (i.e., wastewater treatment plant operator) paying for the
sludge removal.

The economic model captures processes from the transport of condensed sludge from
its place of origin to the processing site, its drying, and pelletizing if any. The costs of using
pellets in the energy source (boiler) cause no significant additional costs in comparison with,
e.g., coal, which is partially or entirely replaced with sludge. Continuous pellet production
is assumed (in conjunction with continuous sludge production and processing), and costs
of pellet storage and logistics at the point of consumption are neglected (consumption of
original fuel decreases, and so do the costs of its logistics, which saving is offset against the
costs of pellet logistics).
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For each of the process stages separately, the economic model follows the costs of
investment in technology and related infrastructure (e.g., buildings), so-called CAPEX, and
costs of assuring operation (OPEX). The baseline method used for the assessment is the
levelized cost (LCOE) method. The LCOE criterion was chosen mainly for its comparability
(calculation using the same methodological approach). Most economic comparisons are
made on a cost of production basis. This approach is also used by recognised agencies such
as International Energy Agency [27]. The advantage of this approach is the absence of the
need to determine escalation factors for individual cost items, which again increases the
comparability of the results obtained. The logic of the calculation for LCOE is provided in
the following basic Equation (1):

LCOE =
CRFr,T × CAPEX + OPEX

Q
(1)

where r = discount rate [%]; T = technology lifetime [years]; CRF = capital recovery
factor [–]; CAPEX = technology acquisition expenditures [EUR]; OPEX = annual operating
expenditures for the production size Q [EUR]; Q = annual production [t].

This LCOE methodology assesses the economic effectiveness of the process equipment
itself without considering the effect of taxes and financing methods, but it includes the
expected investment revenue (discount rate). CAPEX are converted to annual values
using the capital recovery factor (CRF). The conversion respects the expected technical
lifetime of the different primary investment components (typically process equipment and
constructions separately).

Equation (1) assumes a constant quantity of waste processed throughout the equip-
ment service life and also a constant value of OPEX during the whole lifetime. However,
the LCOE criterion may be adjusted to reflect changes in cash flow and production volumes
over the lifetime. The adjusted criterion is given in Equation (2):

LCOE =
∑T

t=0
It+FIXt+VARt

(1+r)t

∑T
t=1

Qt
(1+r)t

(2)

where r = discount rate [%]; T = technology lifetime [years]; It = investment expenditures
in the year t; FIXt = fixed cost in the year t [EUR]; VARt = variable cost in the year t [EUR];
Qt = annual production [t].

The levelized costs are expressed as EUR/GJ of energy content in output product
for better comparability with other fuels such as lignite. The 2022 price level is applied
in the calculations. The reference economic model is built for an area containing approx.
55 thousand equivalent inhabitants, which corresponds to an annual production of approx.
3600 tonnes of dewatered sewage sludge. All the process and logistics equipment and
technologies are sized for this weight flow.

Drying is the key stage in terms of sludge processing costs. This is because of both
the high investment costs (CAPEX) and high operating costs (OPEX) of drying technolo-
gies. Three possible drying techniques were analysed for the economic model: solar,
low-temperature, and rotary dryers. The investment costs (CAPEX) for these technologies
difference is below 15% with the same quantity of sludge processed. However, great
differences occurred in the total quantified operating costs (OPEX). The detailed input
information for the LCOE calculation are listed in the following Table 2, with the help of
which the total LCOE of the blended biofuel is calculated. Information on individual drying
technologies was obtained through discussions with individual construction companies.
The assumed lifetime is set for 30 years respecting the need for reinvestments and repairs.
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Table 2. Calculation inputs.

Solar Low Heat Rotary

Total volume of imported sludge (sewage + paper) 5410 5410 5410 t/year
Evaporated water 3842 3842 3842 t/year

Specific electricity consumption per kg of evaporated water 0.035 0.1 0.14 kWh/kg H2O
Specific heat consumption per kg of evaporated water 0 0.9 1.5 kWh/kg H2O

Operating hours 8760 7500 7500 h/year

Chemicals (sodium hydroxide, sulfuric acid–deodorization) 0 5 5 EUR/t of dewatered
sludge

Number of equivalent workers 1.1 2.2 1.1
Repair and maintenance 70,640 79,480 75,060 EUR/year

Investment cost 3532 3974 3753 ths. EUR/year
Discount rate 7%

Long term inflation 2%
Electricity price 0.4 EUR/kWh

Natural gas price 0.15 EUR/kWh
Personnel costs for 1 employee 33 ths. EUR/year

The electricity and natural gas price was taken from long-term contracts and it does
not reflect the current turbulent times in the electricity markets. Indeed, it can be assumed
that the price will stabilise at this level within a few years (once the current panic and
nervousness on the commodity markets will pass). The operating hours’ value indicates
the operating time of the equipment, i.e., how long the equipment is in operation during
the year. Specifically, for a solar dryer, this value indicates year-round operation without
the need for downtime. Thus, this value does not have the meaning of the effective solar
radiation time for a given location.

In order to be able to correctly compare the individual drying technologies, the LCOE
calculation is first performed on the output of the drying technology. The subsequent pelletiz-
ing employs a standard pelletizing plant, which enables turning a wide range of raw materials
(hay, wood waste, sludge, etc.) into pellets. According to [28] the pelletizing costs for a compara-
ble volume and type of input material can be estimated at 5 EUR/GJ. Such pelleting costs are
supported by findings in [29], where authors obtained a result of 6 EUR/GJ.

3. Results and Discussion

As mentioned, authors of [18] indicated that calorific values of various sewage sludge
range from approximately 6 GJ/tonne to 16 GJ/tonne depending on the water content, the
origin of sludge (the content of substances, carbon, and nutrients) and the level of fermen-
tation performed before its final dewatering and drying process. This is also supported
by our results, when our analysed biofuel fuel reaches the calorific value of 11.4 GJ/tonne
in the form of pellets, respectively 10.8 GJ/tonne in the form of granulate as shown in
Table 3. The resulting values in Table 3 were obtained by producing the fuel under labora-
tory conditions and then measuring the main characteristics. The calorific value of lignite
used for energy purposes is generally lower than 15 GJ/tonne. With this comparison of
calorific values, we can state that the incineration of sludge for energy purposes offers
excellent potential, which can help reduce dependence on conventional fuels and at the
same time bring ecological disposal of hazardous substances contained in the sludge, all
this in support of the idea of a circular economy.

Table 3. Fuel main characteristics.

Fuel Type Density of Pellets
[kg/m3]

Calorific Value
[MJ/kg]

Moisture
[%]

Pellets–ratio of sewage sludge and waste
biomass 2:1 1232 11.4 14

Granules–ratio of sewage sludge and
waste biomass 2:1 850 10.8 20

The results of testing the mechanical properties of the pellets are summarized in the
following Table 4.
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Table 4. Mechanical properties of pellets.

Fuel Type Hardness
[kg]

WI
[%]

PDI
[%]

Sewage sludge 26.6 ± 1.7 3.03 ± 1.92 96.43 ± 0.38
SPB 2:1 * 23.0 ± 1.9 6.14 ± 2.55 97.42 ± 0.64

Paper mill sludge 21.9 ± 2.2 10.41 ± 1.23 99.15 ± 0.37

* SPB = Blend of Sewage and Paper mill sludge.

Mechanical resistance of pellets expressed as PDI (Pellet Durability Index) provided
values marginally smaller than 97.5%, a value generally recommended. However, values
of PDI between 89.1 to 97.8% for various biomass pellets are common. The hardness
parameter of all samples is in the range of 22–27 kg. From our experience, the value of
25 kg ensures sufficient material hardness for material processing, while border values are
22–25 kg. In the range of 19–22 kg, problems with the formation of fines may be expected,
which are even more serious at the parameter value below 19 kg. However, the mechanical
properties of fuel pellets used in this process do not indicate any problems with their
storage, transport, and processing.

All samples had a good hygroscopic resistance expressed by a low value of index WI
compared to biomass values of WI generally exceeding 30%. On the scale, materials with
WI 0–5% were fully hydrophobic, 5–10% mildly hydrophobic, 10–15% slightly moisture
absorbing, 15–25% highly moisture absorbing, and 25% and over materials highly moisture
absorbing and swelling. Low hygroscopicity is an important property of fuels.

The verification of mechanical properties confirmed the applicability of this alternative
biofuel in conventional combustion sources without the need for major additional technol-
ogy modifications. The addition of paper sludge improved the mechanical and chemical
properties of the final biofuel. This results in a greater similarity to the key parameters
of lignite as a direct substitute. From a technical point of view, a significant competitive
advantage of the solar dryer was confirmed. The output fuel of this technology is already
granulated and suitable for direct use in combustion processes in fluidized bed boilers,
thus eliminating the need for additional fuel treatment (pelletization) and the associated
additional costs. This type of fuel has not been mechanically tested. This was due to the
absence of input granulation from the actual operation of a solar dryer processing a mixture
of paper mill waste and sewage sludge.

An additional advantage of sewage waste incineration is that valuable substances and
nutrients can be regenerated from the ash. Tsybina and Wuensch [7] state the ash content
of phosphorus is up to 8.6% by mass compared to 3.83% by mass in our experimental
measurement. During the mono-incineration process, the phosphorus remains chemically
unchanged and thus passes fully into the ash. They also conclude that the phosphorus
content in ash (after incineration of sewage sludge) is significantly lower compared to
crude phosphate fertilizer (app. 50–70% lower). However, this value is still high enough to
justify the back isolation of phosphorus for further recovery (according to the authors, up
to 90% can be recovered). On the other hand, it must be said that if phosphorus recovery is
required, it is necessary to use fuels without additional additives and also to keep to mono-
combustion. For these reasons, the incineration of sewage sludge may be an important
source of phosphorus, especially in the event of future mining declines or other shortages
of this mineral.

The LCOE quantification for each drying technology is shown in Table 5.

Table 5. Final LCOE.

Solar Low Heat Rotary

LCOE (EUR/GJ) 26 67 87

These results indicate the cost per GJ in fuel at the dryer output. The difference in
prices is mainly due to different operating cost requirements, in particular the cost of
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natural gas, which is used as a heat source for the low-temperature belt dryer and the rotary
dryer. The dependence of the resulting LCOE on the price of gas and electricity is shown in
the form of a sensitivity analysis in the following Figures 2 and 3.

Energies 2023, 16, x FOR PEER REVIEW 9 of 13 
 

 

competitive advantage of the solar dryer was confirmed. The output fuel of this technol-
ogy is already granulated and suitable for direct use in combustion processes in fluidized 
bed boilers, thus eliminating the need for additional fuel treatment (pelletization) and the 
associated additional costs. This type of fuel has not been mechanically tested. This was 
due to the absence of input granulation from the actual operation of a solar dryer pro-
cessing a mixture of paper mill waste and sewage sludge. 

An additional advantage of sewage waste incineration is that valuable substances 
and nutrients can be regenerated from the ash. Tsybina and Wuensch [7] state the ash 
content of phosphorus is up to 8.6% by mass compared to 3.83% by mass in our experi-
mental measurement. During the mono-incineration process, the phosphorus remains 
chemically unchanged and thus passes fully into the ash. They also conclude that the 
phosphorus content in ash (after incineration of sewage sludge) is significantly lower com-
pared to crude phosphate fertilizer (app. 50–70% lower). However, this value is still high 
enough to justify the back isolation of phosphorus for further recovery (according to the 
authors, up to 90% can be recovered). On the other hand, it must be said that if phosphorus 
recovery is required, it is necessary to use fuels without additional additives and also to 
keep to mono-combustion. For these reasons, the incineration of sewage sludge may be 
an important source of phosphorus, especially in the event of future mining declines or 
other shortages of this mineral. 

The LCOE quantification for each drying technology is shown in Table 5. 

Table 5. Final LCOE. 

 Solar Low Heat Rotary 
LCOE (EUR/GJ) 26 67 87 

These results indicate the cost per GJ in fuel at the dryer output. The difference in 
prices is mainly due to different operating cost requirements, in particular the cost of nat-
ural gas, which is used as a heat source for the low-temperature belt dryer and the rotary 
dryer. The dependence of the resulting LCOE on the price of gas and electricity is shown 
in the form of a sensitivity analysis in the following Figures 2 and 3. 

 
Figure 2. Sensitivity analysis on electricity price. 

0

20

40

60

80

100

120

0.1 0.2 0.3 0.4 0.5 0.6 0.7

LC
OE

 [E
UR

/G
J]

Electricity price [EUR/kWh]

Solar

Low heat

Rotary

Figure 2. Sensitivity analysis on electricity price.
Energies 2023, 16, x FOR PEER REVIEW 10 of 13 
 

 

 
Figure 3. Sensitivity analysis on natural gas price. 

It can be seen that the solar dryer is completely independent of the price of natural 
gas (it does not use it for its operation) and only slightly dependent on the price of elec-
tricity. Thus, it can be concluded that for solar technology, most of the LCOE is fixed in 
the form of an investment at the beginning of the project and the price is relatively stable 
over the lifetime. In contrast, energy-intensive technologies (low heat and rotary) can be 
seen to be very sensitive to changes in the input price, particularly of natural gas. This 
means, however, that in the current situation these technologies become significantly 
more expensive to operate, and consequently, the resulting biofuel loses its economic com-
petitiveness against its substitutes. We must also not forget that both of these technologies 
require subsequent processing of the dried sludge in a pelletizing line, which increases 
the LCOE by another 5–6 EUR/GJ. 

The key input, which is significantly influencing the final economy of sewage and 
waste cellulose industry sludges, is the potential fees for acceptance and subsequent dis-
posal of wastewater treatment plant sludge. The presented economic model adopts rather 
conservative assumptions: it does consider zero payments by the waste producers (in the 
current situation, the waste celluloses are taken by a third party for free and sewage 
sludge disposal costs are very low). In the case of an obligation to sanitize all wastewater 
treatment plant sludge, which is to come into force in Czechia in 2023 (there is also an 
ongoing discussion about the revision of the EU directive governing the management of 
sewage sludge, however currently, each member state is responsible for its own regula-
tion), we can expect the possibility of business dealings about sludge acceptance for a fee 
paid by the wastewater treatment plant operator. The fee would reflect the saved costs of 
construction and operation of a sanitization unit within wastewater treatment plant prem-
ises. Sludge sanitization occurs during the drying process, and the subsequent destruction 
of all pharmaceutical substances completes the sludge disposal during the combustion 
process. Current discussions at the level of wastewater treatment plant operators indicate 
possible payments of 40 to 50 EUR per tonne of thickened sludge, depending on individ-
ual parameters. This money can thus be seen as income. If we apply this to our case, we 
get a reduction in LCOE of 6 to 8 EUR/GJ at the dryer output. 

In order to draw relevant conclusions about the LCOE of the biofuel we have exam-
ined, it is necessary to compare this price against the price of the main substitute, namely 
lignite. Here, however, we encounter the problem that the price of lignite is subject to 
bilateral contracts and thus there is no commodity exchange market in which data could 
be used for comparison. However, this problem has been addressed by the authors of [30]. 
As one of the methods, they propose a procedure for determining the price of lignite based 
on the price of exchange-traded hard coal. The main idea behind this approach is to es-
tablish a price coefficient between lignite and hard coal based on their chemical parame-
ters. This approach leads to a resulting coefficient of 0,8 for the price of hard coal on the 

0

50

100

150

200

0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

LC
OE

 [E
UR

/G
J]

Natural gas price [EUR/kWh]

Solar

Low heat

Rotary

Figure 3. Sensitivity analysis on natural gas price.

It can be seen that the solar dryer is completely independent of the price of natural gas
(it does not use it for its operation) and only slightly dependent on the price of electricity.
Thus, it can be concluded that for solar technology, most of the LCOE is fixed in the form
of an investment at the beginning of the project and the price is relatively stable over the
lifetime. In contrast, energy-intensive technologies (low heat and rotary) can be seen to be
very sensitive to changes in the input price, particularly of natural gas. This means, however,
that in the current situation these technologies become significantly more expensive to
operate, and consequently, the resulting biofuel loses its economic competitiveness against
its substitutes. We must also not forget that both of these technologies require subsequent
processing of the dried sludge in a pelletizing line, which increases the LCOE by another
5–6 EUR/GJ.

The key input, which is significantly influencing the final economy of sewage and
waste cellulose industry sludges, is the potential fees for acceptance and subsequent
disposal of wastewater treatment plant sludge. The presented economic model adopts
rather conservative assumptions: it does consider zero payments by the waste producers
(in the current situation, the waste celluloses are taken by a third party for free and sewage
sludge disposal costs are very low). In the case of an obligation to sanitize all wastewater
treatment plant sludge, which is to come into force in Czechia in 2023 (there is also an
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ongoing discussion about the revision of the EU directive governing the management of
sewage sludge, however currently, each member state is responsible for its own regulation),
we can expect the possibility of business dealings about sludge acceptance for a fee paid
by the wastewater treatment plant operator. The fee would reflect the saved costs of con-
struction and operation of a sanitization unit within wastewater treatment plant premises.
Sludge sanitization occurs during the drying process, and the subsequent destruction
of all pharmaceutical substances completes the sludge disposal during the combustion
process. Current discussions at the level of wastewater treatment plant operators indicate
possible payments of 40 to 50 EUR per tonne of thickened sludge, depending on individual
parameters. This money can thus be seen as income. If we apply this to our case, we get a
reduction in LCOE of 6 to 8 EUR/GJ at the dryer output.

In order to draw relevant conclusions about the LCOE of the biofuel we have examined,
it is necessary to compare this price against the price of the main substitute, namely lignite.
Here, however, we encounter the problem that the price of lignite is subject to bilateral
contracts and thus there is no commodity exchange market in which data could be used for
comparison. However, this problem has been addressed by the authors of [30]. As one of
the methods, they propose a procedure for determining the price of lignite based on the
price of exchange-traded hard coal. The main idea behind this approach is to establish a
price coefficient between lignite and hard coal based on their chemical parameters. This
approach leads to a resulting coefficient of 0,8 for the price of hard coal on the Rotterdam
exchange (ARA). The current futures price, depending on the time specification, is around
240 EUR/t [31]. When converted into the energy contained in the fuel, we get 10 EUR/GJ.

In the current European market, the use of lignite in larger combustion sources is
linked to the obligation to pay for emission allowances. If we accept the assumption that
sludge-based biofuels will remain outside the emission allowance system, the switch away
from lignite is associated with emission allowance savings. Thus, if we convert the price of
an emission allowance into energy in lignite (assuming 85 EUR/tCO2 as the value around
which the current price oscillates [32]), we get an additional saving of 6 EUR/GJ.

4. Conclusions

The results clearly demonstrate that it is technically feasible to process a mixed alter-
native biofuel based on sewage and paper sludge. This fuel achieves comparable energy
values to lignite. This was also confirmed in preliminary combustion tests in a fluidised
bed boiler. The fluidized bed boiler in which the investigated fuel mixture combustion
process had been examined has a nominal thermal output of 17.2 MW. Combustion tests
confirmed the suitability of the investigated fuel as a possible alternative fuel for boilers of
this type.

The promotion of the use of waste sludge will be also supported in the future by
stricter legislation on waste sludge management. The dewatered sludge will have to
undergo ‘hygienisation’, which corresponds to the requirement that it be heated so that it
is not in any way harmful to health. From the point of view of health safety, the drying and
subsequent thermal treatment of sludge guarantees absolute health safety.

The final price of this biofuel is strongly dependent on the drying method. The
only competitive technology is solar drying. This is due to comparable investment costs
and significantly lower operating costs compared with the other two evaluated technical
variants. It uses the heat obtained from solar radiation and uses the greenhouse effect to
enhance the drying effect. The airflow, which removes the released moisture from the top
layer of dried sludge, is ensured by air conditioning. In case of insufficient input solar
energy, the air flowing inside the solar dryer can be additively heated to ensure the drying
process’s optimal course. An additional advantage of solar technology is that it is also
capable of producing fuel in the form of granulates, where additional pelletization is no
longer needed. This again reduces the overall production costs.

In a direct price comparison, the LCOE of the solar variant is 26 EUR/GJ in fuel. Both
other options considered show significantly higher LCOE values in the current conditions
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(67–87 EUR/GJ). These values may appear significantly higher in direct comparison with
the lignite price of 10 €/GJ. However, if the price of the saved emission allowance (6
EUR/GJ) and the future price for sludge disposal (6–8 EUR/GJ) are included in the compar-
ison, the price differences even out. It can thus be concluded that if the right technology is
chosen to produce the sludge-based alternative biofuel, and all relevant costs and revenues
are included, the resulting cost price is comparable to that of lignite.
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