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Abstract:

Over time, the water shortage crisis will have irreparable effects on the lives of many organisms, including
humans. As a small contribution to alleviate the problem, the present work presents an innovative cogeneration
system based on solar and wind renewable energies for sustainable production of freshwater, power, and
wastewater treatment. To produce freshwater and treat wastewater in this system, the integration of a Microbial
Desalination Cell with a Humidification-Dehumidification and Reverse Osmosis water desalination unit has
been used. These systems obtain the required heat from solar energy to produce freshwater, and when solar
radiation is unable to provide this heat, a hydrogen internal combustion engine driven with wind energy is used.
Excess heat from the internal combustion engine is fed into the organic Rankine cycle with the working fluid
R141B to generate power, to reduce the system waste heat and to increase the efficiency. To check the
performance of the proposed system, energy, exergy, exergeoeconomic, and exergoenvironmental (4E)
analyses have been carried out. The results of the analysis of the integrated system show that this system can
produce 720 kW of electricity and 5.36 m®h of freshwater. The energy efficiency of the system is 22.09%, and
its overall cost rate and overall environmental impact rate are 540.33 $/h and 17.37 Pts/h, respectively.
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1. Introduction

In today's world, the crisis of freshwater scarcity has become one of the main problems that are exacerbated
in many regions of the world due to the continuous reduction of water resources and population growth.
According to the World Health Organization statistics [1], only 30,000 m® of freshwater worldwide are
accessible for human use, and the largest amount of freshwater exists as precipitation and polar ice caps in
the North and South Poles, which are difficult to access. Producing freshwater through various methods has
been proposed as one of the effective solutions for the optimal management of water resources. One of these
methods is the use of cogeneration cycles for producing freshwater, wastewater treatment, and power
generation simultaneously. In these systems, it is possible to increase efficiency and benefit from water,
energy, and environmental resources.

To increase the efficiency of these systems in freshwater production, the HDH (Humidification-
dehumidification) system can be used. In this system, by using air humidification and passing this air through
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a cold surface, water humidity can be recovered and fresh water can be produced [2]. Due to the lack of need
for external energy sources and simple operation, as well as the benefits of low maintenance and capital costs,
HDH has been proposed as an efficient method in freshwater production [3]. In this regard, zubair et al [4].
have investigated that the HDH desalination system integrated with solar evacuated tubes, in various locations,
can produce freshwater in the range of 16,430 to 19,445 | with costs ranging from 0.032 to 0.038 USS$ per litter.
Furthermore, Khoshgoftar Manesh et al [5]. proposed a cycle along with HDH for the production of power,
hydrogen, hot water, and freshwater. Their results indicate that the energy and exergy efficiencies, as well as
the overall annual cost and environmental impacts of the system, are 23.87%, 28.21%, 0.144 kWh/$, and
0.024 Pts/kWh, respectively. In addition, it is possible to simultaneously generate electrical power, remove salt
from water, and treat wastewater using Microbial Desalination Cell (MDC) systems [6]. The features of MDC
are perfectly aligned with our goals in freshwater cogeneration cycles, wastewater treatment, and power
generation. Furthermore, to prevent energy loss and increase freshwater production, the integration of HDH
technology with RO (Reverse Osmosis) is used. By integrating HDH and RO technologies, Ravaijiri et al [7].
produced a total of 184.3 m®/h of freshwater.

There are various methods available for recovering heat used in the freshwater production process.
Khoshgoftar Manesh et al [8]. explored a recovering heat process for freshwater production in a proposed
system based on an integrated solid oxide fuel cell-gas turbine-organic Rankine cycle-multi effect distillation
system. The optimized hybrid system was capable of producing 5000 cubic meters of freshwater per day with
five effects on MED-TVC. Various sources such as internal combustion engines, turbines, and solar panels
are utilized for heat recovery. However, among them, heat recovery from internal combustion engines is one
of the best methods for freshwater production processes, considering the simultaneous production of power
and heat as well as the high rate of heat entry into the system by the engines [9]. In addition, various fuels
such as gasoline, diesel, and hydrogen can be used in internal combustion engines [10]. The use of hydrogen
in these engines results in minimal carbon dioxide emissions and minimizes its pollutants [11]. Furthermore,
due to its high atomic energy, the use of hydrogen provides very high efficiency in heat recovery [12]. Nikitin
et al [13]. used HICE (Hydrogen Internal Combustion Engine) in a multi-generation system based on solar and
wind energy. The dynamic results of HICE have been reported in several different cities, showing an average
return ranging from 21.82% to 24.76%.

In cogeneration systems, renewable energies such as solar and wind energy can be utilized. The addition of
these renewable energies to cogeneration systems provides numerous benefits for the cycle [14]. One of the
greatest benefits of using renewable energies in cogeneration systems is the reduction in production costs
[15]. These types of energies are obtained directly from nature, and the costs of fuel, maintenance, and
installation of power and heat generation systems from these energies are much lower [16]. Moreover, the use
of these energies leads to a reduction in environmental impacts due to the decrease in greenhouse gas
emissions [17]. Khoshgoftar Manesh et al [18]. investigated the most important renewable energy-based
polygeneration systems for producing fresh water using thermal desalination and membrane processes. The
most promising options include the integration of thermal and membrane desalination technologies such as
Multi-Stage Flash (MSF), Multi-Effect Distillation (MED), Humidification-Dehumidification (HDH), and Reverse
Osmosis (RO). makkeh et al [19]. in another study, investigated a combined system of solar collectors and
wind turbines for generating power and freshwater. They reported that this configuration reduces the cost of
freshwater production by up to 23%.

Studies indicate that the use of various water desalination methods is essential for mitigating the water scarcity
crisis. On the other hand, given the limitations of each water desalination method, integrating different
desalination techniques can be effective in improving the efficiency of desalination plants. In this regard, the
present work proposes a co-generation system for desalination, power generation, and wastewater treatment
based on solar and wind energy. In this system, the scenario of freshwater production is evaluated for the first
time by integrating MDC-HDH-RO. Solar energy is utilized to provide the required heat for the system. During
possible periods of radiation reduction or at night, an internal combustion engine based on hydrogen produces
simultaneous power and heat. Reducing engine losses and recovering its heat is essential for increasing
efficiency, and the presence of an Organic Rankine Cycle (ORC) can greatly address this issue. In the end,
energy, exergy, economic, and environmental analyses have been utilized in the present study to analyze the
efficiency of using such a system from various perspectives. The innovations involved in the present work are
as follows:

= Integration of MDC-HDH-RO desalination systems has been utilized for freshwater production.
= A combination of solar and wind energy has been employed to minimize the system's emissions.

= A hydrogen-based internal combustion engine has been utilized to simultaneously generate power and
heat.
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2. System description

The present work proposes a cogeneration system based on solar and wind energy for freshwater production,
power generation, and wastewater treatment in Tehran, Iran. Tehran city is located between 51 degrees 6
minutes to 51 degrees 38 minutes east longitude and 35 degrees 34 minutes to 35 degrees 51 minutes north
latitude. The average wind speed and solar radiation in Tehran are 4.5 m/s and 514.05 W/m?, respectively
[20].

To produce freshwater in the current system, MDC-HDH-RO desalination units have been integrated. The
saline water is initially introduced into the MDC and desalination using anion exchange membranes (AEM) and
cation exchange membranes (CEM) as well as the potential difference between the cells. This process leads
to the pre-treatment of wastewater and power generation while producing freshwater. The saline water, after
the primary desalination by MDC, enters the Flat Plate Collectors (FPC) and receives the required heat before
being directed to the HDH desalination unit for further freshwater production. In HDH, the air is humidified
under standard environmental conditions and, as a result of a collision with hot water, heat, and mass transfer
occur. Following this, some amount of saline water enters the air as humidity and is transferred to the
dehumidifier, where it undergoes mass and heat transfer in the presence of freshwater, resulting in increased
production of freshwater. RO integration has been utilized at the outlet of HDH to increase efficiency and
further enhance freshwater production.

Because solar energy varies throughout the day and to ensure stable production of fresh water, the use of an
internal combustion engine allows for heat recovery in the freshwater production system. To reduce the
environmental impact of ICE, hydrogen fuel has been considered for this equipment, which is produced using
a PEM electrolyzer.

The power consumption of the PEM electrolyzer is supplied using renewable wind energy. Furthermore, wind
turbines are also used to supply the electricity required for RO. The remaining power produced by the wind
turbines is injected into the grid.

Finally, to reduce the thermal losses of the studied system, the use of an organic Rankine cycle with R141B
as the working fluid has been considered. The proposed system is shown in Fig. 1.

The following assumptions have been made for this system:
= The system has been analyzed in a steady-state condition.
= Changes in potential and kinetic energies are negligible.

= The temperature, pressure, and relative humidity of Tehran city are considered to be 25°C, 1.01 bar, and
30%, respectively.

= Heat losses have been disregarded in all heat exchangers and water desalination units.

= An isentropic efficiency of 85% is considered for the organic turbine and an isentropic efficiency of 80% is
considered for the organic pump.

= An isentropic efficiency of 85% is assumed for the RO pump.

= The salinity concentration of the feedwater to the MDC is 35000 mg/I [6].

= Artificial wastewater containing 1000 mg/L of acetate has been used as the feed for the MDC [6].
= The HDH packings are made of polypropylene and have a specific surface area of 320 m?/m? [21].

= Only variations in the air in the x-direction and variations in water in the z-direction have been considered
in the HDH desalination process.

= The LTW77 wind turbine model with a capacity of 1 MW has been considered [21].

= The temperature and pressure in the PEM electrolyzer are assumed to be constant at 80 °C and 1 bar,
respectively [22].

= The air-to-fuel ratio for the internal combustion engine has been considered to be 34.3 [23].
= A 4-cylinder inline internal combustion engine model has been considered.
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Figure. 1. Schematic of proposed cogeneration for production of desalination, power, and wastewater
treatment based on solar and wind energy.

3. Governing equations
The mass and energy balance of equipment is generally calculated using the following equations [24]:

d
Yi—o Min — Xizo Moyt = (d_T)system, (1)
_wWayn Vo) g v (e
Q=W+ Slom (h+ 5 +gz) —Zlomou(h+T+e2) =(F) . )

The concepts of m which means mass flow rate, Q which means heat transfer, and W which means exchanged
power is used in the above equation. In Equation 2, the terms within the summation represent the energy flows
at the inlet and outlet of the control volume, associated with the energy of the flows. Terms containing V or Z
are considered to be zero due to neglecting the kinetic and potential energies. Also, h represents the specific
enthalpy. It should be noted that for open systems operating under steady-state conditions, Equations 1 and
2 can be defined in the following form: d/dt=0. However, in many pieces of equipment, it is necessary to create
equations to improve their modelling. For example, for flat plate solar collectors, their specific surface area for
absorbing solar energy needs to be calculated. Therefore, the heat transfer equations related to this type of
equipment should be considered [25]. Moreover, for modelling a PEM electrolyzer, it is necessary to calculate
the power consumption by specifying the produced hydrogen flow rate and the potential equations of this
electrolyzer [22]. Modelling an RO desalination system requires taking into account the equations related to
osmotic and mechanical pressure. Then, the amount of produced freshwater and the pump power consumption
of the RO system can be calculated through the recovery ratio [26]. Continuing, for modelling an internal
combustion engine based on hydrogen, the amount of recovered heat is calculated by knowing the engine's
nominal power [27, 28]. Additionally, to model a wind turbine based on the wind speed of the study area, the
equations presented in the references [19, 29] have been used. To model an MDC system, the differential
equations presented in the reference [6] have been used. These equations consist of mass balance equations
for substrate and microorganisms in the anode compartment, mass balance equations for salt in the
desalination compartment, anode compartment, and cathode compartment, in addition to equations for the
current generation, which all must be solved simultaneously. The MDC inputs have been obtained from the
references [6, 30]. The differential equations for modelling HDH consist of heat and mass transfer equations
for water and air in the dehumidifier and humidifier [31]. These equations must also be solved simultaneously.

Itis not entirely possible to assess the quality of energy processes in terms of reversibility. Therefore, by adding
the concept of exergy to energy analysis, a more comprehensive view of entropy generation and evaluation of
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the irreversibility of energy processes can be obtained. Thus, exergy is defined as the useful work capacity
and its calculation is relative to a dead reference. The overall exergy balance for all energy systems operating
in steady-state can be defined by the following equation [32]:

EXQ_ExW+Z?=1Exin_Z?=1Exout+ExD =0, (3)

In the above equations, Exa refers to thermal exergy, Exw refers to power exergy, and Exp refers to the
destruction of exergy, which is created as a result of entropy production. The expressions within the summation
sign correspond to the flow exergy at the input and output of exergy systems.

Given that the capital payback period and profitability are crucial in system planning, after examining the
energy aspects of the system, its economic aspects should also be considered. The economic balance of
steady-state energy systems with an exergy approach is defined as follows [33]:

CQ - CW + Z?:l Cin Z?:O Cout +Z = 0, (4)

In the above equations, Ca means the heat cost, Cw means the power cost, and Zx means the equipment
purchase rate of the energy system, which is calculated based on references [21, 33].

Life cycle assessment (LCA) is a method for evaluating the environmental pollutants released during the life
cycle of a system, from raw material extraction to transportation, construction, and disposal. In the current
research, environmental analysis based on LCA, which is defined based on exergy analysis, has been used.
Environmental balance is defined for systems operating in a steady state as follows [33]:

BQ - B, + Z?:l Bin Z?:O Bous + Y = 0, (5)

In the above equations, Ba means the environmental impact of heat, Bw means the environmental impact of
power, and Yk means the rate of environmental impacts of energy system equipment, which can be calculated
using the equations from references [5, 33]. In addition, the constants used in this study are as follows: a 10%
interest rate, a maintenance factor of 1.06, a 20-year lifespan for the power plant, 3500 operating hours for
FPC, 6000 operating hours for WT, and 8000 operating hours for other equipment [33]. It should be noted that
for economic and environmental calculations, the investment cost and equipment weights were obtained from
references [5, 21].

4. Results

Table 1 shows the extent of the exergy destruction, costs, destruction costs, environmental impacts, and
environmental destruction effects associated with each piece of equipment used in the proposed system. The
results of this section indicate that exergy destruction in wind turbines is higher than in other equipment in the
system. The reason for this is the higher power production in wind turbines compared to other equipment in
the system. After the wind turbine, the internal combustion engine has the highest exergy destruction due to
irreversibilities and chemical reactions within it. Regarding the cost destruction, it should be noted that the cost
destruction associated with the internal combustion engine is calculated to be higher than other equipment
due to the chemical reactions occurring within it. After the internal combustion engine, the PEM electrolyzer
has the highest cost destruction. Systems that operate with renewable energy sources (WT, FPC, MDC) have
no cost destruction. The results regarding environmental degradation are similar, with the difference that the
heat exchanger after the internal combustion engine has the highest environmental degradation.

In Table 2, the results of the 4E analysis of the proposed system are presented. Based on these results, the
net power generation, cogeneration exergy efficiency, overall cost rate, and overall environmental impact rate
of the system are 0.72 MW, 4.55%, 540.33 $/h, and 17.37 Pts/h, respectively.

Fig. 2 represents the change in humid air temperature inside HDH desalination. In Fig. 2(a), temperature
changes in humidification are shown. As expected, the air in contact with warmer saltwater gets hotter. The
modelling results also demonstrate these temperature changes with an increase in the length of humidification.
In Fig. 2(b) as well, these changes are shown for dehumidification, which operates in reverse. That means the
temperature of the humid air decreases in the vicinity of cooler freshwater. These results are also consistent
with the modelling.

Fig. 3 shows the absolute humidity change of the air in the HDH desalination. The results of Fig. 3(a) indicate
that after the air enters the device, it interacts with salty water and its absolute humidity increases. This result
is consistent with the modelling. On the other hand, in Fig. 3(b), in the dehumidification process, water is
absorbed from the air, which causes the air to become drier and its absolute humidity to decrease. This
process, due to mass transfer with water, leads to the production of freshwater.
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Table 1. The main result of exergy, exergoeconomic, and exergoenvironmental analysis for all components

of the proposed system

Component Exp (MW) Z (%) Cp (%) Y (m:ts) Bp (mitS)
WT 10.25 378.40 0.00 16647.37 0.00
PEMEC 2.84 123.69 133.54 80.92 5875.12
HICE 5.1 5.98 424.39 2.06 14091.21
Hx 0.03 0.07 17.97 0.05 5897.87
HRVG 0.08 0.34 53.82 0.20 1765.90
ORCT 0.01 0.62 16.08 406.27 178.47
ACC 0.02 0.04 - 0.00 -
ORCP 0.00 0.01 0.60 0.01 21.61
MDC 0.22 0.02 0.00 63.84 0.00
FPC 0.99 15.28 0.00 16.77 0.00
HDH 0.02 1.25 25.13 0.00 491.53
RO 0.01 14.65 8.85 149.62 178.47
Table 2. Overall results of the analysis.

Parameters value

Net power generation (MW) 0.72

Total freshwater production (m®/h) 5.36

Cogeneration energy efficiency (%) 22.09

Total exergy destruction (MW) 18.73

Cogeneration exergy efficiency (%) 4.55

Overall cost rate ($/h) 540.33

Overall environmental impact rate (Pts/h) 17.37

Levelized cost of electricity ($/kWh) 0.75

Levelized environmental impact of electricity (Pts/kWh) 0.02

Number of wind turbine 23

Solar field area (m?) 3000

Fig. 4 shows the change in water temperature in the HDH desalination. In humidification, considering that the
incoming water has a higher temperature than the air, it is expected that due to the heat and mass transfer,
the temperature of the outlet water is lower. This expectation is consistent with the results of the modelling
shown in Fig. 4(a). In this plot, as we move upwards, the water temperature decreases. In dehumidification,

conversely, humid air interacts with sweet water and causes the outlet water to

become warmer. Therefore, it

is expected that the outlet water has a higher temperature than the incoming water. This expectation is
consistent with the Fig. 4(b) plot, in a way that as we move upwards in the plot, the water temperature

increases.
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Figure. 4. Water temperature change in HDH Desalination.
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Fig. 5 illustrates the change in water mass flow rate in HDH desalination. In humidification, the water mass
flow rate decreases and is added to the ambient air humidity, which its variations are observable. In other
words, as we move upwards in plot Fig. 5(a), the water mass flow rate decreases, and the humidity of the
ambient air increases. In Fig. 5(b), these changes can be observed conversely for dehumidification.
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Figure. 5. Specific water mass flow rate change in HDH Desalination.

Fig. 6(a) displays the changes in salt concentration over time in the intermediate chamber for different initial
salt concentrations. The results indicate that for the initial salt concentration of 35g/l, desalination was achieved
by a considerable amount of 65.85%. In Fig. 6(b), the effect of changes in the salt solution flow rates on the
variation of salt concentration in the intermediate chamber has been investigated. The results indicate that a
higher percentage of desalination can be achieved by decreasing the salt solution flow rates. In other words,
desalination has increased from 19.28% at a flow rate of 20 I/day to 77.82% at a flow rate of 0.05 I/day.
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Figure. 6. The salt concentration in the desalination compartment with time for (a) different salt solution flow
rates, (b) different initial salt concentrations (when Qsat = 0.1 I/day).

Fig. 7 illustrates that as the growth rate of methanogenic bacteria increases, the current generation decreases
and ultimately experiences maximum enhancement when the rate of methanogenic production is equal to
zero. Thus, the results confirm that methanogenic bacteria lead to a reduction in the current generation.
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5. Conclusions

The present work presented a cogeneration system for the production of power, freshwater, and wastewater
treatment based on solar and wind energy. For freshwater production, the integration of MDC with HDH and
RO systems was investigated. The required heat of the complex was combined using FPC and HICE based
on solar and wind energy. Energy, exergy, exergeoeconomic, and exergoenvironmental (4E) analyses were
used for the integrated system. The overall results obtained indicate that the integrated system can produce
0.72 MW power and 5.36 m%/h freshwater. Also, the overall cost rate and overall environmental impact rate of
the whole system were calculated as 540.33 $/h and 17.37 Pts/h, respectively. A series of other results of the
system are as follows:

= In addition to wastewater treatment and power production, the MDC has been able to reduce the

concentration of dissolved salt in water by 20 g/kg.

= The RO desalination plant has produced 1.42 kg/s of freshwater using 6 kW of power.
= The highest exergy destruction is related to WT and HICE, respectively.
= The most destructive of costs and destruction of environmental impacts are related to HICE.

= WT has the highest production environmental impacts and the highest investment cost.
In the end, it should be mentioned that the presented system can be used to meet the needs of greenhouses,

industrial factories, residential areas, and military barracks. But it is necessary to examine the feasibility of
using such a system from various aspects such as safety risk, controllability, etc.
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