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A B S T R A C T

This study includes the development and thermodynamic performance assessment of a new sustainable multi
generation system, with the Woodward Avenue Wastewater Treatment Plant in Hamilton, Ontario, Canada 
selected as a potential implementation site. The integrated configuration covers sludge incineration, dark 
fermentation (DF), hydrochar production via hydrothermal carbonization (HTC), organic Rankine cycle (ORC), 
multi-effect desalination (MED), and a wind farm subsystem to simultaneously produce hydrogen, hydrochar, 
freshwater, and electricity from wastewater sludge and renewable energy sources. The proposed system achieved 
an overall energy efficiency of 48% and an exergy efficiency of 42%, demonstrating strong thermodynamic 
balance and effective heat recovery. The present system is potentially designed to produce approximately 13,950 
kg of hydrogen, 1490 tonnes of hydrochar, 35,500 m3 of freshwater, and 160 MWh of electricity annually. The 
results confirm that the integrated system provides an efficient and sustainable approach for waste-to-energy 
conversion and resource recovery, enabling simultaneous production of clean energy and valuable by- 
products. An exergoeconomic analysis further highlights the dominant cost drivers and confirms the economic 
feasibility of the proposed integrated system. The proposed configuration represents a feasible pathway toward 
low-carbon, circular, and energy-positive wastewater treatment infrastructure.

1. Introduction

The rapid increase in global energy demand and the use of fossil fuels 
as the primary energy source for many years have led to the emergence 
of serious environmental problems around the world [1]. Carbon diox
ide (CO2), nitrogen oxides (NOx), and other harmful gases released from 
the combustion of fossil fuels accumulate in the atmosphere, strength
ening the greenhouse effect and accelerating climate change [2]. This 
situation causes not only environmental challenges, but also economic 
and social crises [3]. Therefore, replacing existing energy systems with 
sustainable alternatives has become essential for both energy security 
and environmental protection [4].

In this context, the shift towards renewable energy sources has 
gained significant momentum in recent years [5]. Solar energy gener
ates electricity and heat through direct solar radiation, while geothermal 
energy uses underground heat to provide continuous energy production 
[6]. Biomass energy utilizes agricultural and organic waste as fuel, while 

hydroelectric energy provides a reliable energy flow by harnessing the 
potential energy of water [7]. Furthermore, marine-based systems such 
as wave and tidal energy are also at the forefront of next-generation 
energy conversion technologies [8].

Among these renewable resources, wind energy has become one of 
the fastest-growing energy sources, due to its low carbon emissions, 
broad applicability, and technological maturity [9]. Wind turbines can 
operate with high efficiency and provide stable electricity production, 
especially in coastal areas or high altitude regions [10]. Furthermore, a 
sustainable energy future is possible not only through renewable gen
eration but also through waste management, resource recovery, and the 
integration of multiple production systems [11]. Temiz et al. [12] 
developed an integrated solar and wind energy system that completely 
met the electricity, heat, and cooling needs of a community of 65,000 
people. The system's sustainability was ensured through the integration 
of energy storage and multiple outputs (electricity, heat, cooling, 
freshwater, and hydrogen). Annually, 363,344.7 MWh of electricity, 
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544,468.2 MWh of heat, 192,112.7 MWh of cooling, 24,142 kt of 
freshwater, and 38,843 tons of hydrogen were produced. The system 
achieved an average energy efficiency of 37.69% and exergy efficiency 
of 28.27%.

Sewage sludge represents an environmentally problematic but 
potentially valuable energy resource [13]. Wastewater treatment plants 
worldwide produce millions of tons of sludge annually, and direct 
disposal of this sludge is costly and environmentally risky [14]. How
ever, because sludge contains high levels of organic matter, carbon, 
nitrogen, and minerals, it can be converted into energy and useful 
products through appropriate processes [15]. This conversion can be 
achieved through methods such as incineration [16], anaerobic diges
tion [17], dark fermentation (DF) [18], and hydrothermal carbonization 
(HTC) [19]. For example, dark fermentation is an environmentally 
friendly biological process that produces hydrogen (H2) from organic 
waste with the help of microorganisms [20]. Because this method 
operates at low temperatures, it requires less energy and produces clean 
fuel without the need for fossil fuels [21]. Sludge incineration, on the 
other hand, reduces waste volume through high-temperature combus
tion and generates thermal energy [22]. This energy can then be used in 
other components of the system.

Gao et al. [23] developed a multigeneration system by integrating 
sludge hydrothermal carbonization (HTC) with a small modular nuclear 
reactor. The system produced 188.81 MW of net power, 62.88 kg/s of 
freshwater, and achieved a total efficiency of 34.34%, an electrical ef
ficiency of 30.04%, and a sludge-to-electricity conversion efficiency of 
16.82%. The exergy efficiency of the hydrothermal carbonization (HTC) 
process was 37.08%, and the system payback period was 6.44 years. 
Similarly, Aydin et al. [24] conducted a comparative study of hydrogen 
production methods from wastewater. Eight different methods were 
evaluated including dark fermentation, microbial electrolysis, and 
photofermentation were determined to be the most economically viable 
technologies. Microbial electrolysis was identified as the most envi
ronmentally friendly method with the lowest global warming potential. 
Furthermore, microbial electrolysis demonstrated the highest perfor
mance with 68% energy and 64.7% exergy efficiency.

Waste heat recovery is critical for improving the efficiency of such 
thermochemical and biological processes [25]. The organic Rankine 
cycle (ORC) generates electrical energy by utilizing low- to 
medium-temperature waste heat [26]. This maximizes energy recovery 
and increases the overall efficiency of the system [27]. Abdolalipouradl 
et al. [28] proposed an innovative multiple generation system based on a 
biogas-fueled gas turbine (BFGT). The system consists of a biogas-fueled 
gas turbine (BFGT), a proton exchange membrane fuel cell (PEMFC), an 
reverse osmosis (RO) desalination unit, an organic Rankine cycle (ORC), 
and a domestic water heater for electricity, hydrogen, freshwater, and 
heat production. Thermodynamic and exergoeconomic analyses 
revealed that the system achieved a thermal efficiency of 62.45% and an 
exergy efficiency of 32.52%, with an environmental penalty of $1.93/h 
and a power specific cost of $28.98/GJ.

In this study, a fully integrated multigeneration waste-to-energy 
system tailored to the conditions of Hamilton, Ontario, Canada, is pro
posed and thermodynamically evaluated. Unlike many existing multi
generation systems in the literature that focus on a limited combination 
of technologies or treat biological, thermochemical, and renewable 
subsystems in isolation, the proposed configuration integrates wind 
energy, sludge incineration, dark fermentation (DF), hydrothermal 
carbonization (HTC), an organic Rankine cycle (ORC), and multi-effect 
desalination (MED) within a single, integrated system boundary.

The primary novelty of this work lies in treating wastewater treat
ment sludge not only as an energy feedstock but also as a carbon and 
resource management medium, achieved through the coordinated 
integration of biological, thermochemical, and renewable pathways 
using cascaded heat and material integration rather than simple parallel 
coupling of subsystems. High-temperature flue gas from sludge incin
eration is directly utilized to drive the organic Rankine cycle (ORC) for 

electricity generation, while the residual heat from the ORC condenser is 
strategically recovered to support biological hydrogen production via 
dark fermentation (DF) and freshwater production through desalination. 
In parallel, hydrothermal carbonization (HTC) converts a fraction of the 
sludge into hydrochar, enabling solid carbon retention and material 
valorization, which is rarely addressed in comparable multigeneration 
waste-to-energy studies.

Furthermore, the proposed system advances current knowledge by 
explicitly linking waste-to-energy conversion with carbon management, 
hydrogen generation, and freshwater recovery within a unified system 
framework. Hydrochar is treated as a controllable carbon-rich inter
mediate rather than a byproduct, and the overall heat integration 
strategy is designed to minimize exergy destruction across biological 
and thermochemical stages. The inclusion of wind energy as an internal 
power supply further differentiates this configuration by reducing 
external grid dependency and enabling a more resilient and self- 
sustainedoperation.

Overall, this study contributes to the multigeneration energy systems 
literature by demonstrating how conventional wastewater treatment 
plants can be transformed into integrated, energy-positive, and low- 
carbon infrastructure through coordinated heat, material and power 
integration. By simultaneously producing electricity, hydrogen, hydro
char, and freshwater within a closed-loop and thermodynamically 
optimized framework, the proposed configuration extends beyond 
conventional waste-to-energy systems and offers a novel and general
izable pathway for sustainable, circular wastewater-based energy and 
resource recovery systems.

2. System description

This study covers an integrated wastewater sludge management and 
energy recovery system potentially proposed for installation at the 
Woodward Avenue Wastewater Treatment Plant in Hamilton, Ontario. 
The system aims to process of sludge generated from wastewater treat
ment plants in an environmentally sustainable manner and convert the 
thermal energy generated in this process into useful outputs such as 
electricity, hydrogen, freshwater, and fuel (e.g., hydrochar and 
hydrogen). The system consists of five main subsystems: (i) sludge 
incineration plant, (ii) organic Rankine cycle (ORC), (iii) dark fermen
tation (DF) plant, (iv) hydrochar production unit (HTC), and (v) multi- 
effect desalination (MED) plant. These subsystems are interconnected 
through heat and mass integration, with the overall goal of increasing 
energy efficiency and achieving a zero-waste approach. Schematic rep
resentation of the designed system and simulation of the hydrochar 
process is given in Fig. 1.

2.1. Sludge incineration subsystem

At the wastewater treatment plant, primary sludge exiting the pri
mary sedimentation tanks is first dewatered in a mechanical dehydrator 
and divided on a mass basis, with 60% directed to incineration, 25% to 
dark fermentation (DF), and 15% to hydrothermal carbonization (HTC), 
reflecting typical allocation strategies reported for integrated 
wastewater-based energy systems. This dewatered process increases the 
solids content of the sludge while maintaining a constant temperature 
(293 K, 101 kPa). The dryer then reduces the moisture content and heats 
the sludge to approximately 350 K. The dried sludge is converted into 
thermal energy by incineration in an incinerator operating at a tem
perature between 800 and 1000 ◦C (1073-1273 K). This process pro
duces hot flue gas (approximately 1173 K, 101 kPa). The flue gas is 
directed directly to the organic Rankine cycle (ORC) evaporator to be 
utilized as a high-temperature heat source. After heat recovery, the gas 
generated after incineration is passed through electrostatic precipitators 
and wet scrubbers to remove dust and acidic components. Finally, it is 
released into the atmosphere via the stack. Solid combustion products 
are removed as ash. The main output of this subsystem is thermal energy 
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(hot flue gas), which also constitutes the main energy source for the 
organic Rankine cycle (ORC) cycle and heat integration.

2.2. Organic Rankine Cycle (ORC) subsystem

The hot flue gas exiting the sludge incineration unit enters the 
evaporator section of the organic Rankine cycle (ORC) system, con
verting toluene (the organic working fluid) into superheated vapor. At 
the evaporator exit, the fluid is at approximately 573 K and 1500 kPa. 
The vapor passes through a turbine with an isentropic efficiency of 80%, 
converting it into mechanical energy and then into electrical energy via 
the generator. The fluid at the turbine exit (approximately 460 K, 120 

kPa) is cooled in the condenser, liquefied, and returned to the evapo
rator by a pump. On the flue gas side, the temperature of the gas exiting 
the evaporator drops to around 200 ◦C (473 K) and is then directed to 
the flue treatment unit. This allows electricity generation from the waste 
heat generated by the incineration process. By integrating the organic 
Rankine cycle (ORC) system, the energy recovery efficiency of the 
wastewater sludge incineration process is significantly increased.

2.3. Dark fermentation (DF) subsystem

The dark fermentation (DF) subsystem is a biochemical unit that 
utilizes a portion of the mechanically dewatered sludge in a wastewater 

Fig. 1. Schematic illustrations of (a) the proposed system and (b) the Aspen Plus simulation of the hydrochar unit.
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treatment plant for biohydrogen production. A certain percentage of the 
sludge exiting the mechanical dehydrator is sent directly to the sludge 
incineration unit as fuel, while the remaining portion is fed to the dark 
fermentation reactors. This approach aims to increase overall energy 
efficiency by integrating both biological and thermochemical energy 
recovery processes into the integrated system. The sludge fed to the 
system is initially at ambient conditions (approximately 293 K and 101 
kPa). To reach the appropriate temperature for fermentation, the sludge 
is passed through a heat exchanger. The energy required for this heat 
exchanger is provided by waste heat recovered from the condenser unit 
in the organic Rankine cycle (ORC) cycle. This integration ensures en
ergy sustainability of the system without the need for external heat 
input. Dark fermentation is assumed to operate under mesophilic con
ditions (37 ◦C, atmospheric pressure) with a hydrogen yield of 80-100 L 
H2 kg− 1 VS, which is representative of sludge-based biological conver
sion under steady-state operation. The heated sludge is fed to the dark 
fermentation reactors operating under anaerobic conditions. Reactors 
break down organic compounds using mixed microorganism consortia 
operating in an oxygen-free environment. During this process, organic 
matter, particularly carbohydrates, is biochemically converted, 
releasing hydrogen (H2) and carbon dioxide (CO2) gases. The resulting 
gas mixture is directed to a gas separation unit at the reactor outlet. This 
unit separates hydrogen (H2) and carbon dioxide (CO2) into separate 
streams using physical or membrane-based separation methods. 
Hydrogen gas can be stored as the system's energy carrier or fed directly 
to the gas turbine, while the carbon dioxide gas stream can be used in 
chemical conversion or carbon capture processes. The fermented sludge 
exiting the reactor is returned to the incineration unit as a semi-solid 
waste with reduced organic content. This completes the system's mate
rial cycle and achieves biochemical and thermochemical integration 
between the dark fermentation (DF) section and the sludge incineration 
section. This structure enables maximum energy recovery from the 
wastewater sludge, increasing the overall system efficiency.

2.4. Multi-effect desalination (MED) subsystem

The multi-effect desalination (MED) subsystem constitutes the water 
recovery unit of the integrated plant and is the thermally integrated part 
of the process. In this system, lake water is converted into freshwater 
through a multi-effect evaporation process based on the principle of 
cascade evaporation. The primary heat input to the multi-effect desali
nation (MED) unit is low-temperature waste heat recovered from the 
hydrothermal carbonization (HTC) section of the system. This heat, 
typically in the range of 80-120 ◦C (353-393 K), provides the energy 
required for evaporation in the first effect of the multi-effect desalina
tion (MED) unit. During the hydrochar production process, hot process 
water and steam from the hydrothermal carbonization (HTC) reactors 
operating at high pressure and temperature are directed to the multi- 
effect desalination (MED) unit as a heat source after partially losing 
their energy in the heat exchanger (HE-5). Thanks to this integrated 
structure, the waste heat generated from the hydrothermal carboniza
tion (HTC) reactors is directly utilized, significantly reducing the sys
tem's total energy consumption. The multi-effect desalination (MED) 
system uses this heat to vaporize a portion of the seawater in the first 
effect. The heat generated by the condensation of evaporated water is 
used to heat the second effect, and this process is repeated across mul
tiple effects. At each stage, the pressure is reduced, allowing the water to 
boil at lower temperatures. Thus, multiple evaporation-condensation 
cycles occur with the same amount of heat energy. The condensate 
generated in each effect is collected as high-purity freshwater, while the 
residual flow, which has increased salinity, is removed from the system 
as brine. The resulting freshwater is reused to meet the plant's process 
water needs or for local use. This subsystem utilizes the waste heat of the 
hydrothermal carbonization (HTC) unit to provide both water treatment 
and resource recovery. Thus, energy recovery and water production are 
combined, resulting in a closed-loop, integrated system for 

environmental sustainability.

2.5. Hydrochar production subsystem

The hydrochar production process involves processing sewage 
sludge from a wastewater treatment plant under high temperature and 
pressure in a hydrothermal carbonization (HTC) reactor. Throughout 
the process, the sludge is heated and pressurized, resulting in solid, 
liquid, and gaseous phases. The wastewater sludge is first pressurized to 
approximately 20 bar by a pump (P-2) and then passed through two- 
stage heat exchangers (HE-2 and HE-3), raising its temperature from 
298 K to approximately 453 K. This process ensures thermal condi
tioning of the sludge before entering the reactor. Heat is supplied to the 
HTC reactor by hot air circulating in a closed loop. This air is heated in 
the heat exchanger (HE-5) and sent to the reactor, where it transfers its 
heat to the sludge. Thus, the sludge undergoes a hydrothermal reaction 
at approximately 20 bar pressure and 453-493 K. As a result of the 
chemical transformations that occur in the HTC reactor, most of the 
organic components are degraded, producing hydrochar, a 
hydrocarbon-based solid product, water (process water), and a small 
amount of gaseous phase (such as CO2 and CH4). The hot sludge mixture 
(slurry) exiting the reactor is cooled in the HE-2 for heat recovery and 
then sent to the dewatering unit. During the dewatering phase, me
chanical separation takes place; the solid phase (hydrochar) in the slurry 
is separated from the liquid. The solid phase contains approximately 
80% hydrochar, while the liquid phase is removed from the system as 
process water or processed for recycling. The aim of this process is to 
convert the organic compounds in the wastewater sludge into an energy- 
dense, carbon-rich solid product. For the thermodynamic modeling of 
the system, the hydrothermal carbonization (HTC) process is assumed to 
operate at a representative reaction temperature of 220 ◦C (493 K) and a 
pressure of 2 MPa, consistent with typical sludge-based hydrothermal 
carbonization (HTC) applications. Under these conditions, a hydrochar 
yield of approximately 55-60% on a dry mass basis is assumed, with the 
remaining fraction forming the liquid process stream and a minor 
gaseous phase. This reduces the sludge's disposal burden and allows the 
hydrochar to be reused for energy production, soil amendments, or as a 
carbon storage material.

2.6. Wind power subsystem

The wind energy subsystem constitutes the renewable energy 
component of the integrated facility and aims to meet a significant 
portion of the system's electricity needs. This subsystem includes 50 
vertical-axis wind turbines, and a detailed energy production analysis 
was conducted using the System Advisor Model (SAM) software. Each 
turbine was selected for high performance in urban areas where low and 
variable wind speeds prevail. Vertical-axis turbines were chosen for this 
system because they have low noise levels, stable operation even in 
turbulent flows, and are suitable for installation in smaller spaces. These 
features offer significant advantages for wind energy integration in in
dustrial sites such as the Woodward Avenue Wastewater Treatment 
Plant. The SAM model was used to calculate the annual energy pro
duction potential of the turbines using typical meteorological data for 
the Hamilton area. An average wind speed was assumed to be 6-7 m/s. 
The model determined each turbine's nominal power output as 1 kW, a 
rotor diameter of 2.4 m, and a hub height of 80 m. Table 1 presents the 
key technical specifications and operating parameters of the wind tur
bines adopted in the wind farm simulation.

The generated electrical energy is fed directly into the facility's 
general power grid. This energy is used to meet the electrical needs of 
auxiliary equipment, particularly the dark fermentation (DF) unit, HTC 
reactor pumps, and multi-effect desalination (MED) unit. In the event of 
excess energy production, energy can be transferred to the grid or 
temporarily stored in energy storage systems. This subsystem reduces 
the integrated facility's fossil fuel dependency and contributes to the 
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system's overall energy sustainability and carbon neutrality goals. 
Thanks to the modular structure of the vertical-axis wind turbines, the 
system can be scaled in future periods, reducing both environmental 
impact and increasing the facility's renewable energy share. This inte
grated system enables sustainable resource recovery by connecting en
ergy, water, and waste cycles. Thermochemical, biochemical, and 
renewable energy subsystems work together to increase energy effi
ciency while minimizing environmental impact.

The selection of the Hamilton, Ontario, was based on site-specific 
environmental conditions that strongly support the integration of 
renewable energy and resource recovery subsystems. Hamilton is char
acterized by a moderate and consistent wind regime, with average wind 
speeds typically reported in the range of 6-7 m/s, particularly along the 
Lake Ontario shoreline. This wind profile is well suited for vertical-axis 
wind turbines, which offer stable performance under turbulent and 
variable wind conditions commonly observed in urban and industrial 
environments. The integration of a lake water-based multi-effect desa
lination (MED) subsystem is similarly supported by local environmental 
conditions. Lake Ontario surface water exhibits relatively low salinity 
and moderate seasonal temperature variations, typically ranging from 
near-freezing conditions in winter to approximately 20-25 ◦C during 
summer months. These characteristics are favorable for low- 
temperature thermal desalination processes, as they reduce scaling 
risk and improve heat transfer performance. Moreover, the availability 
of a large and stable freshwater source adjacent to the treatment plant 
enables continuous multi-effect desalination (MED) operation without 
the need for extensive pretreatment or additional pumping 
infrastructure.

In addition to site-specific environmental suitability, the integrated 
system design explicitly accounts for temporal variability in renewable 
energy supply and waste heat availability. Fluctuations in wind power 
generation and transient heat recovery from the sludge incineration and 
hydrochar production units can be mitigated through passive or active 
thermal energy storage integration. In this context, phase-change- 
material based thermal storage represents a viable buffering option, 
particularly within the temperature ranges associated with ORC 
condenser heat and HTC-driven MED operation. Although phase change 
material (PCM) storage is not explicitly modeled in the present study, its 
potential integration could enhance thermal stability, smooth short- 
term fluctuations, and improve overall system robustness under vari
able operating conditions. The selection of the Hamilton site and the 
associated subsystems is strongly supported by local wind characteris
tics, lake water properties, and opportunities for heat integration and 
thermal buffering. These location-specific factors reinforce the practical 
feasibility of the proposed system and highlight its suitability for 
implementation in municipal wastewater treatment facilities operating 
under similar environmental conditions.

3. Analysis and assessment

To optimize the energy, water and waste recovery processes in a 
holistic manner, all sub-components of the system must be examined in 

detail from a thermodynamic perspective. In this section, the overall 
performance of the proposed integrated system is evaluated based on 
mass, energy, and exergy balances. The equations generated for each 
subsystem aim to demonstrate system efficiency by examining the direct 
and recovered forms of energy conversion processes. The system design 
and analysis were conducted considering the Hamilton-Woodward 
Avenue Wastewater Treatment Plant site in Ontario, Canada. This site 
was selected because it has a large-scale wastewater treatment infra
structure, generates a high volume of sewage sludge, and offers infra
structure suitable for integration with existing energy recovery systems. 
Furthermore, because the region is located on the shores of Lake 
Ontario, it is suitable for the installation of water supply, cooling, and a 
multi-effect desalination (MED) unit. Hamilton has an active position in 
renewable energy policies and investments focused on environmental 
sustainability, increasing the feasibility of an integrated multi- 
generation system.

To assess the overall performance of the system, mass, energy, en
tropy, and exergy balances were created for each component and sub
system. These equations were prepared in accordance with the 
principles of conservation of energy and mass, allowing for a detailed 
examination of all thermodynamic interactions within the system. In 
this context, thermodynamic properties at different points in the system 
were determined, and balance equations were applied for each flow 
[29]. This analysis is crucial for determining the direction of energy 
transformations in the system, losses, and recovery potential. The mass, 
energy, and exergy equations used for each equipment and subsystem 
are presented in Table 2. In the system solution, mass, energy, and 
exergy balances for all components were established based on the first 
and second laws of thermodynamics. In the analysis, the first law pro
vided the principle of energy conservation, while the second law pro
vided the assessment of energy quality and irreversibility [30]. These 
two fundamental laws were directly applied to the formulation of the 
balance equations (Table 2) used in all subcomponents of the system.

Using the equations from Table 2, energy inputs, outputs, and exergy 
losses were calculated for each piece of equipment, and the overall 
performance parameters of the system (energy and exergy efficiencies) 
were determined. These equations formed the basis of the holistic 
thermodynamic analysis of the system. During these analyses, certain 
assumptions were made to simplify the solution process and ensure 
consistency in the calculations. These assumptions are presented below. 

• Compressor, turbine and pump isentropic efficiencies (ηs): 80%.
• Reference conditions: 298.15 K and 101.3 kPa.
• Negligible pressure losses throughout the current system.
• Adiabatic operation for pumps, compressors and turbines operate 

under steady-state conditions.
• Sludge lower heating value: 18,000 kJ/kg.
• Specific exergy of sludge: 19,000 kJ/kg.
• Hydrogen specific exergy: 117.12 MJ/kg.
• Specific heat capacity of water: 4.18 kJ/kg.K.
• Hydrogen lower heating value: 120 MJ/kg.
• Hydrochar higher heating value: 26.97 MJ/kg.
• Total annual sludge volume: 22,482 metric tons.
• Organic Rankine cycle (ORC) working fluid: Toluene.

All these assumptions were made to ensure consistency in the ther
modynamic analysis of the system and to facilitate the performance 
evaluation of each subsystem. Based on these assumptions, the entire 
system was analyzed using the equations in Table 2 using the Aspen 
Plus, Engineering Equation Solver (EES), and System Advisor Model 
(SAM) software packages. This allowed for the determination of the 
thermodynamic properties of each subsystem, detailed evaluation of 
energy and exergy interactions, and a thermodynamic analysis of the 
overall system performance.

Table 1 
Technical specifications and operating conditions of the wind turbines 
used in the wind farm model.

Parameter Value

Rated output 1 kW
Rotor diameter 2.4 m

Hub height 80 m
Shear coefficient 0.15

Maximum coefficient of power (Cp) 0.25
Maximum tip speed 50 m/s

Maximum tip speed ratio 6
Cut-in wind speed 2 m/s
Cut-out wind speed 20 m/s
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3.1. Efficiencies for sludge incineration subsystem

The fundamental thermochemical process in this subsystem occurs 
when organic compounds in the sludge react with oxygen and undergo a 
combustion process. The combustion reaction is then generally 
expressed as follows: 

CaHbOcNdSe + ν O2 → aCO2 + 2bH2O + 2dN2 + eSO2 + ash           (1)

The CaHbOcNdSerepresents the average chemical composition of the 
sludge, while ash refers to the non-combustible inorganic components.

The energy and exergy efficiencies for the specific sludge incinera
tion are calculated as follows: 

η =
Q̇out

ṁsludge× ​ LHVsludge
(2) 

and 

ψ =

Q̇out × ​
(

1 − T0
Tinc

)

ṁsludge × ​ Exsludge
(3) 

3.2. Efficiencies for organic Rankine cycle (ORC) subsystem

The energy and exergy efficiencies for organic Rankine cycle (ORC) 
are calculated as follows: 

η= Ẇnet,ORC + Q̇out

Q̇in,ORC
(4) 

and 

ψ=
Ẇnet,ORC + Q̇out

ĖxQin,ORC
(5) 

3.3. Efficiencies for dark fermentation (DF) subsystem

In general, the dark fermentation reaction is represented by glucose, 
and the most common reaction pathway is called the acetate pathway. 
This pathway has the highest hydrogen yield. The reaction is expressed 
as follows: 

C6H12O6 + 2H2O → 2CH3COOH + 2CO2 + 4H2                              (6)

Alternatively, some microorganisms also produce hydrogen via the 
butyrate pathway, but at lower efficiency: 

C6H12O6 → CH3CH2CH2COOH + 2CO2 + 2H2                                 (7)

However, in this study, the acetate pathway reaction was used as the 
basis for the analysis as it provides maximum hydrogen production. 

η =
ṁH2 × LHVH2

ṁsludge × ​ LHVsludge + ​ Q̇in
(8) 

and 

ψ=
ṁH2 × ExH2

ṁsludge × Exsludge + ĖxQin
(9) 

3.4. Efficiencies for multi-effect desalination (MED) subsystem

The energy and exergy efficiencies for multi-effect desalination 
(MED) are calculated as follows: 

η= ṁfw × (h23 − h20)

Q̇in,MED
(10) 

and 

Table 2 
The thermodynamic balance equations written for all system components of the designed system.

Components Mass Balance Energy Balance Entropy Balance Exergy Balance

Mechanical 
Dehydrator

ṁ1 = ṁ2 + ṁ3 

+ ṁ4

ṁ1 h1 = ṁ2 h2 + ṁ3 h3 + ṁ4 h4 ṁ1 s1 + Ṡgen,MD = ṁ2 s2 + ṁ3 s3+ ṁ4 s4 ṁ1 ex1 = ṁ2 ex2 + ṁ3 ex3 + ṁ4 ex4 + ĖxDes,MD

Dryer ṁ3 = ṁ5 ṁ3 h3 + Q̇Dryer = ṁ5 h5 ṁ3 s3 + Q̇Dryer/Ts + Ṡgen, Dryer = ṁ5 s5 ṁ3 ex3 + ĖxQ,Dryer = ṁ5 ex5 + ĖxDes,Dryer

Incinerator ṁ2 + ṁ5 = ṁ6, ṁ2 h2 + ṁ5 h5 + ṠInc = ṁ6 h6 ṁ2 s2 + ṁ5 s5 + Q̇Inc/Tb + Ṡgen,Inc = ṁ6 s6 ṁ2 ex2 + ṁ5 ex5 + ĖxQ_Inc = ṁ6 ex6 + ĖxDes,Inc

Evaporator ṁ6 = ṁ7, 

ṁ14 = ṁ11

ṁ6 h6 + ṁ14 h14 = ṁ7 h7 + ṁ11 

h11

ṁ6 s6 + ṁ14 s14 + Ṡgen,Evap = ṁ7 s7 + ṁ11 s11 ṁ6 ex6 + ṁ14 ex14 = ṁ7 ex7 + ṁ11 ex11 + ĖxDes, 

Evap

Precipitator ṁ7 = ṁ8 +

ṁAsh

ṁ7 h7 + ẆPRC = ṁ8 h8 + ṁAsh hAsh ṁ7 s7 + Ṡgen,PRC = ṁ8 s8 + ṁAsh sAsh ṁ7 ex7 + ẆPRC = ṁ8 ex8 + ṁAsh exAsh + ĖxDes, 

PRC

Scrubber ṁ8 = ṁ9 +

ṁSludge

ṁ8 h8 + ẆSC = ṁ9 h9 + ṁSludge 

hSludge

ṁ8 s8 + Ṡgen,SC = ṁ9 s9 + ṁSludge sSludge ṁ8 ex8 + ẆSC = ṁ9 ex9 + ṁSludge exSludge +

ĖxDes,SC

T-1 ṁ11 = ṁ12 ṁ11 h11 = ṁ12 h12 + ẆT-1 ṁ11 s11 + Ṡgen, T-1 = ṁ12 s12 ṁ11 ex11 = ṁ12 ex12 + ẆT-1+ĖxDes, T-1

Condenser ṁ12 = ṁ13, ṁ12 h12 + = ṁ13 h13 + Q̇Out_Cond ṁ12 s12 + Ṡgen, Cond = ṁ13 s13 + Q̇Out_Cond/Tb+ ṁ12 ex12 = ṁ13 ex13 + ĖxOut_Cond +ĖxDes,Cond

P-1 ṁ13 = ṁ14 ṁ13 h13 + ẆP-1 = ṁ14 h14 ṁ13 s13 + Ṡgen,P-1=ṁ14 s14 ṁ13 ex13 + ẆP-1=ṁ14 ex14 + ĖxDes,P-1

HE-1 ṁ4 = ṁ15 ṁ4 h4 + Q̇In,HE-1 = ṁ15 h15 ṁ4 s4 + Q̇In,HE-1/Ts + Ṡgen, HE-1 = ṁ15 s15 ṁ4 ex4 + ĖxQ,In,HE-1 = ṁ15 ex15 + ĖxDes,HE-1

Dark Fermentation 
Reactor

ṁ15 = ṁ16 +

ṁ17

ṁ15 h15 = ṁ16 h16 + ṁ17 h17 ṁ15 s15 + Ṡgen, DF=ṁ16 s16 + ṁ17 s17 ṁ15 ex15 = ṁ16 ex16 + ṁ17 ex17 + ĖxDes, DF

Gas Separator ṁ16 = ṁ18 +

ṁ19

ṁ16 h16 = ṁ18 h18 + ṁ19 h19 ṁ16 s16 + Ṡgen,DF = ṁ18 s18 + ṁ19 s19 ṁ16 ex16 = ṁ18 ex18 + ṁ19 ex19 + ĖxDes,DF

P-2 ṁ24 = ṁ25 ṁ24 h24 + ẆP-2 = ṁ25 h25 ṁ24 s24 + Ṡgen,P-2=ṁ25 s25 ṁ24 ex24 + Ẇ P-2=ṁ25 ex25 + ĖxDes, P-2

P-3 ṁ20 = ṁ21 ṁ20 h20 + Ẇ P-3 = ṁ21 h21 ṁ20 s20 + Ṡgen, P-3=ṁ21 s21 ṁ20 ex20 + Ẇ P-3 = ṁ21 ex21 + ĖxDes, P-3

MED ṁ21 = ṁ22 +

ṁ23

ṁ21 h21 + Q̇In,HE-4 = ṁ22 h22 +

ṁ23 h23

ṁ21 s21 + Q̇In,HE-4/Ts +Ṡgen,Des = ṁ22 s22 + ṁ23 

s23

ṁ21 ex21 + ĖxQ_In,HE-4 = ṁ22 ex22 + ṁ23 ex23 +

ĖxDes,Des

HE-2 ṁ25 = ṁ26, 

ṁ28 = ṁ29

ṁ25 h25 + ṁ28 h28 = ṁ26 h26 +

ṁ29 h29

ṁ25 s25 + ṁ28 s28 + Ṡgen, HE-2 = ṁ26 s26 + ṁ29 

s29

ṁ25 ex25 + ṁ28 ex28 = ṁ26 ex26 + ṁ29 ex29 +

ĖxDes, HE-2

HE-3 ṁ26 = ṁ27 ṁ26 h26 + Q̇In,HE-3 = ṁ27 h27 ṁ26 s26 + Q̇In,HE-3/Ts + Ṡgen, HE-3 = ṁ27 s27 ṁ26 ex26 + ĖxQ,In,HE-3 = ṁ27 ex27 + ĖxDes,HE-3

HE-4 ṁ31 = ṁ32 ṁ31 h31 + Q̇In,HE-4 = ṁ32 h32 ṁ31 s31 + Q̇In,Hex4/Ts + Ṡgen, HE-4 = ṁ32 s32 ṁ31 ex31 + ĖxQ,In,HE-4 = ṁ32 ex32 + ĖxDes, HE-4

HE-5 ṁ33 = ṁ34 ṁ33 h33 = ṁ34 h34+ Q̇Out,HE-5 ṁ33 s33 + Ṡgen, Hex5 = ṁ34 s34+ Q̇Out,HE-5/Ts ṁ33 ex33 = ṁ34 ex34 + ĖxQ,Out,HE-5 + ĖxDes, HE-5

HTC Reactors ṁ32 = ṁ33 

ṁ27 = ṁ28

ṁ32 h32 + ṁ33 h33 + Q̇In_HTC =

ṁ27 h27 + ṁ28 h28

ṁ32 s32 + ṁ33 s33 + Q̇In_HTC/Tb + Ṡgen, HTC =

= ṁ27 s27 + ṁ28 s28

ṁ32 ex32 + ṁ33 ex33+ĖxQ_In_HTC = ṁ27 ex27 +

ṁ28 ex28 + ĖxDes, HTC

Flashing ṁ34 = ṁ31, 

ṁ30 = ṁ35

ṁ34 h34 + ṁ30 h30 = ṁ31 h31 +

ṁ35 h35

ṁ34 s34 + ṁ30 s30 + Ṡgen,Flash = ṁ31 s31 + ṁ35 

s35

ṁ34 ex34 + ṁ30 ex30 = ṁ31 ex31 + ṁ35 ex35 +

ĖxDes, Flash

Dewatering ṁ20 = ṁ21 ṁ20 h20 = ṁ21 h21 ṁ20 s20 + Ṡgen, Dewatering=ṁ21 s21 ṁ20 ex20 = ṁ21 ex21 + ĖxDes, Dewatering
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ψ=
ṁfw × (ex23 − ex20)

ĖxQin,MED
(11) 

3.5. Efficiencies for hydrochar production subsystem

To represent the hydrothermal carbonization (HTC) process, we can 
express the formation of hydrochar reaction follows: 

C6H12O6 → C6H4O2 (Hydrochar) + 2H2O + 2CO2                         (12)

This reaction demonstrates the basic trend of the hydrothermal 
carbonization (HTC) process. The C/O ratio increases, water and CO2 
are removed, resulting in a more energy-dense solid fuel.

The energy and exergy efficiencies for hydrochar production sub
system are calculated as follows: 

η= ṁhydrochar × LHVhydrochar + Q̇net

ṁsludge × LHVsludge
(13) 

and 

ψ=
ṁhydrochar × Exhydrochar + ĖxQnet

ṁsludge × Exsludge
(14) 

3.6. Efficiencies for wind farm subsystem

The wind power calculation for a wind farm is commonly made by 

PWind =
1
2
× ρ × A × V3 (15) 

The energy and exergy efficiencies for wind farm are calculated as: 

η= Ẇ
Ėin

(16) 

and 

ψ=
Ẇ
˙Exin

(17) 

3.7. Efficiencies for overall system

The energy and exergy efficiencies for overall system are calculated 
as follows: 

η=ṁH2 ×LHVH2 + ṁfw ×(h23 − h20)+ ṁhydrochar ×LHVhydrochar + Q̇out +Ẇout

ṁsludge ×LHVsludge + Q̇in

(18) 

and 

ψ=
ṁH2 ×ExH2 +ṁfw ×(ex23 − ex20)+ṁhydrochar ×Exhydrochar+ĖxQout

+ Ẇout

ṁsludge ×Exsludge+ĖxQin

(19) 

3.8. Exergoeconomic and economic feasibility analysis

The total capital investment of the integrated system is calculated as 
the sum of the capital costs of all major subsystems, including dark 
fermentation, hydrochar production, organic Rankine cycle (ORC), 
multi-effect desalination (MED), wind energy, and auxiliary units, as 
follows: 

CAPEXtot =
∑N

k=1
CAPEXk (20) 

The total annual operating cost of the integrated system is calculated 
as: 

OPEXtot =
∑N

k=1

OPEXk,annual (21) 

For the dark fermentation (DF) subsystem, the operating cost is 
expressed as: 

OPEXDF =Cnutrient + Cseparator + Celectricity + Cmaintance (22) 

The annual economic benefit of the integrated system is determined 
by summing revenues obtained from useful products and avoided 
disposal costs: 

Rannual =RH2 + Relectricity + Rhydrochar + Rwater + Rsludge (23) 

The net annual cash flow of the system is calculated as: 

NCF=Rannual − OPEXtot (24) 

The economic feasibility of the integrated system is evaluated using 
the simple payback period: 

SPP=
CAPEXtot

NCF
(25) 

As a result of the thermodynamic and exergoeconomic analysis 
performed in this section, the energy and exergy interactions of all sub- 
components of the system were examined in detail and the performance 
characteristics of each sub-system were determined.

4. Results and discussion

This section presents the key findings of the study, including the 
thermodynamic performance of the proposed system and its environ
mental and economic feasibility, providing an integrated assessment of 
system efficiency, sustainability, and practicality.

4.1. Thermodynamic performance and system outputs

This section presents and discusses the results of the system's ther
modynamic analysis. The energy and exergy efficiencies, heat and 
power distributions, exergy destruction, and production rates are eval
uated. Furthermore, the effects of ORC fluid selection and reference 
temperature on system performance are investigated.

Fig. 2 shows the heat input and output rates in the different com
ponents of the system. The results reveal that the HTC reactor has the 
highest heat demand in the system, at approximately 656.9 kW. This is 
due to the hydrothermal carbonization (HTC) process occurring at high 
temperatures (453-473 K) and pressures. The high thermal energy 
requirement in the reactor is necessary for the organic components 

Fig. 2. The heat input and output rates of the system components.
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within the sludge to decompose and transform into hydrochar, a carbon- 
rich solid product. The condenser component ranks second with a heat 
load of approximately 500 kW and transfers a significant portion of the 
heat released during the condensation of toluene in the ORC cycle to the 
dark fermentation subsystem. This recovered heat meets the thermal 
requirements of the sludge in the dark fermentation reactor, enhancing 
the system's energy integration. The HE-3 and HE-4 heat exchangers, 
with their respective power outputs of 358.6 kW and 392.9 kW, are the 
primary intermediate components facilitating the thermal interaction 
between the sludge incineration, organic Rankine cycle (ORC), and 
hydrothermal carbonization (HTC) processes. These heat exchangers 
contribute significantly to overall system efficiency by optimizing en
ergy transfer between the flue gas and process streams.

On the other hand, the evaporator represents the primary evapora
tion stage of the organic Rankine cycle (ORC) with a heat input of 
approximately 327.6 kW. In this stage, hot flue gas from the sludge 
incineration unit vaporizes toluene, creating the energy potential that 
can be converted into mechanical work in the cycle. Conversely, the 
lower heat loads on auxiliary equipment such as the dryer (44.6 kW), 
HE-1 (14.2 kW), and HE-5 (38.9 kW) indicate that these components 
perform secondary functions in the system. Overall, the obtained results 
reveal that the most intense heat transfer in the system occurs between 
the HTC reactor, the ORC condenser, and the incineration unit. This 
confirms that the integrated structure operates with an effective heat 
recovery mechanism, energy losses are minimized, and the system ex
hibits thermodynamically balanced performance.

In the ORC evaporator, high-temperature flue gas enters at approx
imately 1173 K and is cooled to about 473 K, while the organic working 
fluid (toluene) is heated to around 418 K at the turbine inlet under a 
pressure of 1500 kPa. This temperature configuration ensures that the 
hot stream remains at a higher temperature than the cold stream 
throughout the heat exchange process, resulting in a minimum approach 
temperature difference (ΔTmin) of approximately 55 K. The pinch point 
therefore occurs under safe operating conditions without any tempera
ture crossover, confirming that the heat transfer process respects prac
tical heat transfer constraints. The minimum approach temperature 
analysis provides an equivalent validation of heat exchanger feasibility. 
Consequently, the heat duties reported in Fig. 2 are thermodynamically 
sound and physically realistic within the defined system boundaries 
accordingly.

Fig. 3 shows the power input/output ratios of the turbines and pumps 
in the system. Turbine (T-1) has the highest power output at approxi
mately 99 kW and is the main source of mechanical work in the organic 
Rankine cycle (ORC). The turbine's high-power output demonstrates 
that the evaporation and expansion processes of the organic fluid are 

efficient. Pumps (P-1, P-2, and P-3) provide fluid circulation in the 
system with power consumptions of 15 kW, 3.3 kW, and 2.3 kW, 
respectively. Since the total energy consumption of the pumps consti
tutes a relatively small portion of the power generated by the turbine, 
net power production throughout the system is positive. This demon
strates that the organic Rankine cycle (ORC) is effective in terms of 
energy recovery and that mechanical losses are low.

The distribution of entropy generation (Sgen) within the system 
serves as an important indicator for assessing the degree of irrevers
ibility and, consequently, the exergy losses associated with each 
component. For each component, the Sgen ratio was calculated by 
dividing its individual entropy generation value by the total entropy 
generation of the system (total Sgen = 3.05 kJ/K). As shown in Fig. 4, the 
HE-2, HE-3, evaporator, and condenser components account for most of 
the total entropy generation in the system. This result indicates that heat 
transfer processes occurring in these components, characterized by large 
temperature differences, are the primary sources of entropy generation.

The highest Sgen ratios are observed in HE-2 (0.834) and HE-3 
(0.697), suggesting that optimizing the temperature gradients and 
flow direction within these heat exchangers is essential to minimize 
energy losses. Similarly, the evaporator (0.534) and condenser (0.290) 
also exhibit significant entropy generation, indicating that the efficiency 
of heat recovery processes in these components limits overall system 
performance. Lower entropy generation ratios were observed in pumps 
(P-1, P-2, P-3), flashing, HTC reactor, dark fermentation reactor (DFR), 
and dryer, as these components operate with lower temperature gradi
ents or lower flow energy, thus contributing less to total entropy 
generation.

Overall, the results show that the major exergy destruction occurs in 
the heat exchangers and thermal cycle components. Therefore, by 
improving the heat transfer surface area, reducing temperature differ
ences, and optimizing flow configuration, total system entropy genera
tion can be reduced. As a result, the exergy efficiency and 
thermodynamic performance of the entire integrated system can be 
significantly enhanced.

Fig. 5 shows the exergy destruction rates for the system components. 
The highest exergy losses were observed in units HE-2 (248.5 kW), HE-3 
(207.9 kW), and evaporator (159.2 kW). The high exergy destruction 
observed in HE-2 and HE-3 is mainly caused by large temperature dif
ferences combined with high mass flow rates during heat transfer. In HE- 
2, hot slurry leaving the hydrothermal carbonization unit at approxi
mately 453-473 K transfers heat to incoming sludge at near-ambient 
temperature (~298 K), resulting in a temperature difference 
exceeding 150 K and significant entropy generation. Similarly, HE-3 
operates by transferring heat from a high-temperature stream (above 
450 K) to a colder process stream in the range of 300-320 K, again under 
substantial mass flow conditions. From a heat-transfer perspective, these 
conditions correspond to steep temperature gradients in a conceptual 
temperature-heat profile, which explains the exergy destruction rates 
exceeding 200 kW in both units.

The condenser (86.6 kW) and HE-4 (57.6 kW) also produced signif
icant losses, accounting for approximately half of the total exergy 
destruction. In contrast, components such as pumps, turbines, flashing 
units, and the HTC reactor operate with smaller temperature differences 
(<10 kW) and therefore exhibit much lower irreversibilities. The results 
indicate that the dominant exergy losses in the system originate from 
heat exchangers handling large thermal duties under pronounced tem
perature mismatches, emphasizing the importance of heat-transfer 
optimization to improve system exergy efficiency.

Fig. 6 illustrates the variation of overall exergy efficiency with 
increasing reference temperature for different ORC working fluids. As 
the reference temperature increases, a consistent decrease in exergy 
efficiency is observed for all fluids due to the reduction in available 
useful energy. Among the investigated fluids, cyclohexane exhibits the 
highest exergy efficiency (45-41%), followed closely by toluene (44- 
40%), while 1,1,1,3,3-pentafluoropropane (R245fa) shows the lowest Fig. 3. The power input and output rates of the system components.
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performance, which can be attributed to its relatively low critical 
temperature.

Although cyclohexane slightly outperforms Toluene in terms of 
exergy efficiency, the selection of an ORC working fluid for a sustainable 
integrated system cannot be based on thermodynamic performance 
alone. Therefore, the working fluid selection was further evaluated by 
qualitatively considering environmental, safety, and economic aspects. 
Compared to commonly used refrigerants such as R245fa, which are 
reported in the literature to have high global warming potential, aro
matic hydrocarbons such as toluene are generally associated with 
negligible ozone depletion potential. Siloxane-based fluids, while suit
able for high-temperature organic Rankine cycle (ORC) applications, are 
often associated with higher cost and limited availability, which can 
affect large-scale deployment.

From a safety perspective, hydrocarbons are flammable; however, 
toluene operates at moderate pressures and has a long history of in
dustrial use, with established handling and safety practices. In addition, 
toluene offers high thermal stability over a wide temperature range 
relevant to the proposed system, supporting reliable long-term opera
tion. Its wide availability and relatively low cost further contribute to its 
practical suitability. Considering the combined thermodynamic trends 
shown in Fig. 6 and the qualitative assessment of environmental impact, 
safety, and cost, toluene is identified as the most balanced ORC working 
fluid for the proposed integrated system. This selection supports both 
efficient energy recovery and practical implementation while remaining 
consistent with sustainability considerations.

Fig. 7 shows the monthly changes in the amounts of hydrogen, hy
drocarbons (hydrochar), and freshwater produced by the system 
throughout the year. Production values were determined based on 
thermodynamic analysis and energy balance calculations. According to 
the results, hydrogen production reaches a maximum in the summer 
months (July-August), reaching around 1300 kg/month, and decreases 
to approximately 1000 kg/month in the winter months. This change is 
associated with increased dark fermentation (DF) efficiency and 
increased biochemical reaction rates with increasing temperature.

Fig. 8 shows wind speed and the corresponding wind turbine power 
generation throughout the year. The data was analyzed using the System 
Advisor Model (SAM) based on typical meteorological conditions for the 
Ontario region. The wind speeds range from 2 to 22 m/s throughout the 
year, and power generation fluctuates between 0 and 50 kW. This 
fluctuation is due to seasonal atmospheric changes, temperature 

Fig. 4. The entropy generation ratios determined for the system components.

Fig. 5. The exergy destruction rates of the system components.

Fig. 6. Variations of overall exergy efficiencies with the reference temperature 
for various ORC working fluids.
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gradients, pressure differences, and local turbulence. Wind speeds in
crease particularly in the spring (March-May) and autumn (September- 
November), maximizing the system's power generation capacity. In the 
summer, a decrease in power generation is observed due to decreasing 
wind intensity. This variation reflects the wind farm's natural intermit
tent power generation characteristics. However, thermal and electrical 
integration with other system components (especially organic Rankine 
cycle (ORC), multi-effect desalination (MED), and dark fermentation 
(DF)) mitigates the negative impact of this variability on overall system 
performance. As a result, the wind farm is the mainstay of the system's 
carbon-neutral energy production and significantly contributes to the 
system's sustainability and energy security goals by providing contin
uous power support from renewable sources.

The subsystems of the proposed integrated system operate in a co
ordinated manner through an integrated operational strategy. The short- 
term fluctuations arising from intermittent power sources, such as wind 
or from variable biological process, such as dark fermentation, are 
mitigated through intermediate buffering and process decoupling. In 

particular, the organic Rankine cycle (ORC) and multi-effect desalina
tion (MED) units are primarily driven by relatively stable waste heat 
streams from the incineration process, which are less sensitive to up
stream variability. This thermal decoupling allows continuous and sta
ble heat integration for the organic Rankine cycle (ORC) and multi-effect 
desalination (MED) units, while upstream fluctuations are absorbed 
without compromising overall system efficiency.

Fig. 9 shows the energy and exergy efficiencies of all subcomponents 
and the overall system. According to the results, the highest energy ef
ficiency, 60%, was achieved in the sludge incineration subsystem. This is 
due to the high energy conversion potential of the combustion process, 
which occurs at high temperatures. In contrast, the highest exergy effi
ciency was observed in the organic Rankine cycle (ORC) subsystem, at 
55%. The ORC system was the most efficient cycle in terms of exergy 
because it enabled the efficient conversion of waste heat into electrical 
energy. The dark fermentation (DF) process, on the other hand, had the 
lowest energy efficiency (10%) due to biological reaction limitations 
and low reaction temperatures. However, when evaluated in terms of 

Fig. 7. The monthly variations of hydrogen, hydrochar, and freshwater production throughout the year.

Fig. 8. The hourly wind speed and corresponding power generation of the wind farm over one year.
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chemical conversion, the exergy efficiency increased to 18%. Because 
the multi-effect desalination (MED) unit operates on low-temperature 
heat sources, its energy (12%) and exergy (6%) efficiencies are rela
tively low. Nevertheless, it contributes to the overall sustainability of the 
system in terms of waste heat utilization.

The hydrochar production and wind farm subsystems demonstrated 
stable performance within the range of 35% energy and 30-35% exergy 
efficiencies range, respectively. These two subsystems supported the 
system's multigeneration capacity in terms of both thermochemical 
conversion and renewable electricity generation. The overall system's 
energy and exergy efficiencies were determined to be 48% and 42%, 
respectively. These values demonstrate that the multigeneration 
approach offers a thermodynamically balanced and sustainable struc
ture, minimizing losses through the integration of different energy types.

The validity of the adopted modeling assumptions was evaluated 
through comparison with representative values reported in the litera
ture. The wastewater sludge composition considered in this study, with a 
volatile solid (VS) content typically in the range of 60-75% of total solids 
and a high moisture content, is consistent with reported characteristics 
of municipal sewage sludge [29]. The hydrothermal carbonization 

(HTC) process was modeled at 220-250 ◦C and 2-3 MPa, yielding a 
hydrochar mass fraction of approximately 55-60% on a dry basis, which 
agrees well with experimental HTC studies on sewage sludge reporting 
hydrochar yields in the range of 50-65% [23]. For the dark fermentation 
(DF) subsystem, hydrogen production was assumed to occur under 
mesophilic conditions (~37 ◦C), with hydrogen yields within 80-120 L 
H2 kg− 1 VS, matching the range commonly reported for sludge-based 
dark fermentation systems [31]. The wind farm electricity generation 
was simulated using the system advisor model (SAM), and the predicted 
annual power output per installed capacity is consistent with reported 
performance of small-scale wind turbines operating under similar wind 
speed conditions [32]. These comparisons demonstrate that the selected 
input parameters and resulting performance indicators fall within 
well-established experimental and modeling ranges, thereby supporting 
the credibility and realism of the proposed integrated system analysis.

Fig. 10 presents a scenario-based sensitivity analysis focusing on the 
multi-effect desalination (MED) and dark fermentation (DF) subsystems, 
which exhibit the lowest exergy efficiencies in the integrated system. 
The base case indicates that dark fermentation (DF) is the dominant 
contributor to subsystem-level exergy destruction, while multi-effect 
desalination (MED) also introduces notable irreversibilities associated 
with low-temperature heat utilization. Improving the multi-effect 
desalination (MED) subsystem through enhanced heat integration re
sults in a moderate reduction in both local and overall exergy destruc
tion. In contrast, improvements in the dark fermentation process, 
primarily associated with increased hydrogen yield and reduced process 
losses, lead to a more significant decrease in total system exergy 
destruction. The combined improvement scenario achieves the lowest 
overall exergy destruction, highlighting the synergistic impact of 
simultaneously enhancing thermal and biochemical subsystems. These 
results demonstrate that targeted improvements in low-efficiency com
ponents can effectively enhance the overall exergy performance of the 
integrated system.

4.2. Exergoeconomic assessment and economic feasibility

The exergoeconomic assessment demonstrates that the proposed 
integrated wastewater sludge management system provides meaningful 
economic advantages through resource recovery and waste valorization. 
As summarized in Table 3, the system combines multiple outputs within 

Fig. 9. Comparison of energy and exergy efficiencies for the overall system and 
its subsystems.

Fig. 10. The sensitivity analysis results of the exergy destruction in the MED and DF subsystems and the resulting impact on total system exergy destruction under 
different improvement scenarios.
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a single integrated configuration, enabling diversified economic benefits 
rather than reliance on a single revenue stream.

A key positive outcome of the analysis is the significant contribution 
of avoided sludge disposal costs to the overall economic performance. 
By converting wastewater sludge into valuable products, the system 
reduces the need for conventional disposal pathways, which represents a 
major economic burden for municipal wastewater treatment plants. This 
avoided cost emerges as the dominant economic driver, highlighting the 
strong alignment of the proposed system with circular economy and 
sustainable waste management principles.

The integration of thermochemical, biochemical, and renewable 
energy-based subsystems further enhances economic performance by 
minimizing external energy requirements. In particular, the use of waste 
heat recovered from the ORC condenser to supply the thermal demand 
of the dark fermentation (DF) unit eliminates the need for external heat 
input, reducing operating costs and improving overall system efficiency. 
Similarly, the utilization of low-grade heat from the hydrochar pro
duction process to drive the multi-effect desalination (MED) subsystem 
enables freshwater production with minimal additional energy 
expenditure.

Although the dark fermentation (DF) subsystem constitutes a major 
share of both capital investment and operating costs, its integration 
within the broader system framework allows its economic impact to be 
partially offset through shared infrastructure, energy integration, and 
downstream product recovery. This integrated design approach distin
guishes the proposed system from standalone biohydrogen production 
units and improves its overall economic robustness.

The system achieves a positive net annual cash flow, confirming its 
economic viability from a long-term infrastructure perspective. While 
the simple payback period remains relatively long, this result reflects the 
capital-intensive nature of advanced municipal waste-to-energy systems 
rather than a fundamental limitation of the proposed design. The find
ings indicate that the economic feasibility of the system is primarily 
driven by waste management benefits, process integration, and resource 
recovery, underscoring its potential as a sustainable and multifunctional 
solution for wastewater treatment facilities.

4.3. Environmental performance and carbon management of the designed 
system

The environmental performance of the proposed integrated system is 
determined by the management of carbon flows and by-products within 
the defined system boundary, in addition to its energy performance. 
Accordingly, the low-carbon and circular characteristics of the system 
are evaluated by explicitly tracking carbon pathways associated with 
hydrochar, secondary ash from incineration, and carbon dioxide 
generated across biological and thermochemical processes.

Hydrochar is considered a carbon-rich intermediate with defined 
long-term utilization and sequestration pathways, enabling partial 
retention of biogenic carbon outside the atmosphere. The secondary ash 

produced during incineration is managed through controlled reuse op
tions or stabilized disposal, preventing the transfer of environmental 
burdens beyond the system boundary. Carbon dioxide streams origi
nating from both dark fermentation and incineration flue gas are 
explicitly included in the assessment and addressed through defined 
long-term management and utilization options consistent with large- 
scale operation.

A system-level carbon balance is therefore constructed by quanti
fying carbon input from the biomass feedstock and distributing it among 
solid carbon retained in hydrochar, carbon associated with ash, and 
carbon released as CO2 through biological conversion and incineration. 
This explicit accounting of all major carbon pathways within the system 
boundary demonstrates that the low-carbon and circular claims of the 
proposed system are supported by transparent carbon management 
rather than qualitative assumptions.

In summary, the results demonstrate the system's high efficiency and 
sustainability potential in terms of energy recovery, waste management, 
and multi-product generation. This integrated structure reduces envi
ronmental impact by enabling the efficient use of different energy types 
and provides a strong example of integrated renewable energy solutions.

5. Conclusions

In this study, a sustainable multigeneration system integrating 
sludge incineration, dark fermentation (DF), hydrochar production with 
hydrothermal carbonization (HTC), organic Rankine cycle (ORC), multi- 
effect desalination (MED), and wind farm subsystems were thermody
namically analyzed. The system aims to increase energy recovery and 
resource efficiency by combining electricity, hydrogen, hydrochar, and 
freshwater production within the same structure.

The analysis results revealed an overall energy efficiency of 48% and 
an exergy efficiency of 42%. The highest energy efficiency was achieved 
in the sludge incineration unit, at 60%, due to the high conversion of 
chemical energy to thermal energy during the incineration process. The 
organic Rankine cycle (ORC) subsystem, with an exergy efficiency of 
55%, was the most efficient cycle in the system, enabling the efficient 
conversion of waste heat to electrical energy. While the efficiencies in 
the dark fermentation (DF) and multi-effect desalination (MED) sub
systems are relatively low, it contributes significantly to the sustain
ability of the system through hydrogen and freshwater production.

The parametric analysis demonstrated that toluene is the most suit
able working fluid for the organic Rankine cycle (ORC). Toluene, thanks 
to its high thermal stability and favorable evaporation temperature, 
exhibited the most consistent performance, maintaining exergy effi
ciency values of 40-44% in the 0-40 ◦C range. According to annual 
production results, the system produces approximately 13.95 tons of 
hydrogen, 1490 tons of hydrochar, and 35,500 m3 of freshwater. 
Furthermore, the wind farm provides stable electricity generation 
despite fluctuating wind speeds throughout the year, meeting the sys
tem's energy requirements from renewable sources.

Overall, the proposed system has high potential for converting waste 
into energy and valuable products, making a significant contribution to 
the goals of energy efficiency, environmental sustainability, and 
resource circularity. The results demonstrate that the system is a viable 
model for industrial-scale wastewater treatment plants and constitutes a 
strong example for integrated renewable energy-based solutions within 
the framework of circular economy principles.
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Table 3 
Summary of exergoeconomic and economic feasibility indicators for the 
designed system.

Category Parameter Value

Capital 
investment

CAPEXtot 16.6 million USD
Dominant CAPEX contributor Dark fermentation 

subsystem
Operating cost OPEXtot 1.80 × 105 USD/year

Dark fermentation OPEX 4.46 × 104 USD/year
Main dark fermentation (DF) cost 

drivers
Nutrients and gas 

separation
Economic 

benefits
Annual revenue (R) 6.09 × 105 USD/year
Dominant benefit Sludge disposal 

avoidance
Overall 
feasibility

Net annual cash flow (NCF) 4.29 × 105 USD/year
Simple payback period (SPP) 38.7 years
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Nomenclature

A area (m2)
C cost (USD)
E total energy (kJ)
Ė energy rate (kW)
ex specific exergy (kJ/kg)
Ėx exergy rate (kW)
Ėxd exergy rate (kW)
ĖxQ exergy transfer associated with heat transfer (kJ)
h specific enthalpy (kJ/kg)
H enthalpy (kJ)
HHV higher heating value (kJ/kg)
LHV lower heating value (kJ/kg)
m mass (kg)
M molar mass (kg/kmol)
ṁ mass flow rate (kg/s)
N project lifetime (years)
Q heat transfer (kJ)
Q̇ heat transfer rate (kW)
QH heat transfer rate with high temperature source (kJ)
QL heat transfer rate with low temperature sink (kJ)
R revenue (USD/year)
s specific entropy (kJ/kg.K)
ρ density (kg/m3)
S entropy (kJ/K)
Ṡ entropy rate (kW)
T temperature (K)
V speed (m/s)
w specific work (kJ/kg)
W total work (kJ)
Ẇ work rate or power (kW)

Subscripts
0 reference points
1,2,3 … state points
f final
gen generation
i initial
in inlet
k component
out outlet
tot total

Greek Letters
η energy efficiency
ψ exergy efficiency

Abbreviations
BGFT biogas-fueled gas turbine
C compressor
CAPEX capital expenditure
CSP concentrated solar power
DF dark fermentation
EBE energy balance equations
EES engineering equation solver
EnBE entropy balance equations
ExBE exergy balance equations
Gen generator
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GHG greenhouse gas
HE heat exchanger
HTC hydrothermal carbonization
HTF heat transfer fluid
HYSYS hyprotech systems
MBE mass balance equations
MED multi effect desalination
NCF net annual cash flow
OPEX operational expenditure
ORC organic Rankine cycle
P pump
PCM phase change material
PEM proton exchange membrane
PTC parabolic trough collector
R reactor
RO reverse osmosis
S separator
SAM system advisor model
SPP simple payback period
SSE single-stage evaporation
T turbine
TES thermal energy storage
Val valve
VS volatile solid
WWTP wastewater treatment plant

Data availability

Some of the data may be made available on request.
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