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Abstract. Building operations consume 30% of the world's energy and cause 26% of the associated emissions, while domestic
water use accounts for 12% of global freshwater withdrawals. Renewable, solar-driven multi-generation systems can efficiently
provide electricity, heat, and freshwater, especially for small, off-grid, remote households, addressing energy and water scarcity
while improving sustainability and living quality. In this study, a novel cogeneration system for the generation of freshwater and
energy, specifically tailored for applications in remote areas, is designed for the first time. This cogeneration system integrates a
photovoltaic-thermal collector, a salt gradient solar pond, and a stepped solar still. The cogeneration system can produce an
average of 4.026 MWh of electricity, 6.972 m®of fresh water, and 37.99 MWh of heat annually. The proposed system also produces
at least daily values of 12.5 L of fresh water, 67.63 kWh of heat, and 6.284 kWh and 12.14 kWh of electricity in the cold and hot
seasons, respectively. The system can produce 58.51 liters of fresh water, 7.123 kWh of electricity, and 68.425 kWh of heat on its
first day of operation (April 1). Interestingly, 21.68 liters of freshwater and 17.98 kWh of heat were produced during the night.

Keywords: Cogeneration system; Freshwater; Solar energy; Electricity; Heat generation.

1. Introduction

The world's population has more than quadrupled, and global water consumption has increased by 600%. Among the various
decentralized water treatment technologies, solar stills (SS) have emerged as a particularly attractive solution for remote and
resource-limited regions due to their simplicity, low maintenance requirements, and reliance on abundant and free solar energy
[1]. These systems operate based on evaporation and condensation [2]. Although the maintenance and operation costs of this
system are low, it has low efficiency and is not suitable for high freshwater production capacities [3]. Consequently, substantial
research efforts have been devoted to developing innovative strategies to enhance both the efficiency and freshwater yield of
these systems. Goshayeshi et al. [4] systematically compared three distinct absorber geometries—semicircular, triangular, and
rectangular—and demonstrated that dispersing graphene oxide nanoparticles into paraffin significantly improves thermal
conductivity. Their results showed that the semicircular absorber, combined with nano-enhanced PCM, increased daily
freshwater productivity by 20% and 10% relative to rectangular and triangular absorbers, respectively. This work clearly
establishes that hybridizing nanomaterials with geometric optimization of the absorber plate is a highly effective strategy for
performance enhancement. Esmaeili and Sheikholeslami [5] employed a rigorous computational fluid dynamics (CFD) approach
to optimize both the glass cover geometry and the internal flow dynamics of a single-basin solar still. Their numerical analysis
revealed that a conical glass cover outperforms trapezoidal designs, yielding an 8.44% increase in freshwater production. More
notably, the incorporation of an internal circular baffle with an optimal radius (baffle-to-cover radius ratio = 0.8) into the conical
configuration led to a 30.6% improvement in distillate output compared to the worst-performing trapezoidal design. This study
compellingly demonstrates that vapor circulation patterns can be effectively managed through geometric and flow-control
elements without the need for any material additives. Asadabadi and Sheikholeslami [6] investigated the synergistic effect of
hollow circular copper fins and glass wool insulation on a pyramid-shaped SS. By increasing the number of fins from 81 to 144
and adding 3 cm of insulation, they achieved a daily freshwater productivity of 5.33 L/m? — a 62.5% improvement over a
conventional SS — while simultaneously reducing the cost per liter by 27.33%. In a recent study [7], thermoelectric modules were
incorporated into a SS to boost its overall performance. When compared to a conventional SS, the thermoelectric-integrated
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design showed clear improvements in both energy and exergy terms. Annual freshwater production reached 698.57 L per square
metre, which is 41.2 % higher than that of the traditional still.

The unit annual benefit increased by 51 USD (also 41.2 %), and the benefit-to-cost ratio was 6.8 times higher. The cost per litre
of distilled water dropped by 5.1% to 0.037 USD. Furthermore, the modified system outperformed the conventional one in
environmental, exergoenvironmental, exergoeconomic and enviroeconomic indicators, while reducing CO, emissions by 28.2 %.
Prakash and Kumar [8] carried out an experimental comparison between a modified concatenated stepped solar still (MCSSS) and
a simple version of the same design. The modified unit included internal and external reflectors as well as a cooling arrangement
for the glass cover. Both stills had a basin area of 0.25 m? and were fed with tap water at 50 ml/min. The MCSSS yielded 3.43 litres
of clean water per day, which is nearly 19 % more than the output from the simple still. The modified still also showed higher
convective and evaporative heat transfer coefficients, by roughly 15% and 11.5 %, respectively. Its energy efficiency reached
41.6 % and exergy efficiency 14.5 %, both significantly better than those of the simple unit. In addition, the payback period was
shorter by about 1.3 months, and the carbon credits earned were higher. Taheri Mousavi [9] experimentally looked into how the
shape of the absorber plate and the water flow rate affect the performance of a hemispherical solar still. Three different absorber
designs were tested: a conical one, a funnel-shaped one, and a funnel-shaped one with stepped surfaces. The experiments were
run at flow rates of 0.033, 0.066, and 0.1kg/s. The best results came from the funnel-stepped design at the lowest flow rate of
0.033kg/s. This configuration delivered an average daily freshwater output of 4.61L per square metre, with a thermal efficiency of
42 %.

Compared to the conical absorber, which only produced 2.84 L/m?/day at 25 % efficiency, the funnel-stepped design improved
productivity by 62 % and thermal efficiency by 67 %. A cost analysis also showed that the funnel-stepped still was more
economical than the other two designs. The study clearly demonstrates that changing the absorber geometry, particularly by
adding stepped surfaces to a funnel shape, can significantly boost the performance of hemispherical solar stills for small-scale
desalination. Pandey and Naresh [10] built two pyramid solar stills and tested them side by side in Surat, India. One was a
conventional design, and the other was modified by attaching a pulsating heat pipe to passively transfer extra heat into the
basin. They ran experiments at four different water depths and found that the best performance for both stills occurred at a
depth of 2 cm. At this depth, the modified still produced 4.10L of fresh water per square metre per day, while the conventional
one gave 3.05L/m?/day. The heat pipe improved the yield by about 34 % at the same depth. Energy and exergy efficiencies were
also better for the modified still, with gains of roughly 25 % and 29 %, respectively. The cost per litre dropped by around 13 %, and
the modified still could offset nearly 18.8 tons of CO. emissions over its working life. The photovoltaic-thermal (PV/T) system,
through its inherent cogeneration of electricity and heat within a single compact unit, effectively decouples energy supply from
the electrical grid and fossil fuels, while its structurally simple design ensures high reliability and low-maintenance operation in
remote, off-grid areas [11-12]. The incorporation of SSs with these systems is becoming more common, and research is
continuing to enhance their efficiency and cogeneration of power and freshwater [13]. Mohtasim et al. [14] developed and
experimentally investigated a PV/T system integrated with a modified pyramid SS. The system delivers heated fluid from a
PVT/hybrid nano-PCM with fins (PVT/HNPCM/Fin) setup directly to the solar still basin to enhance evaporation. The modified still
incorporates hollow circular fins, a black sand sensible heat storage layer, hybrid nano-PCM (paraffin wax with Al,0; and ZnO
nanoparticles), and sponges, while the PV/T loop utilizes a serpentine copper pipe at a flow rate of 0.0021kg/s. The integrated
system achieved a freshwater yield of 4.109 L/m?/day, with a cost per liter of only $0.01495 (a 94.13% reduction compared to the
local market price). Overall exergy efficiencies reached nearly 2% for the solar still and 94% for the PV/T system at peak solar
noon. A comprehensive 11E sustainability analysis revealed that the system can mitigate approximately 6.98 tons of CO,
emissions over its lifetime. Rajesh and Chiranjeevi [15] experimentally examined a combined power and desalination system that
integrates a stepped SS with a PV/T module having a serpentine-type thermal absorber. Unlike conventional designs, their setup
uses the waste heat from the PV/T unit to preheat the saline feed water before it enters the SS. The freshwater yield reached
3.46 L/m? per day, with an average electrical efficiency of 14.84 % for the PV/T panel. The exergy efficiency was found to be 18.5 %,
and the cost of producing one litre of distilled water was estimated at 0.07 USD. While these systems have the potential to be
used as a cogeneration system for power, heat, and freshwater, studies show that a considerable amount of thermal energy,
especially heated brine from the desalination process, is wasted. In addition, the high dependence of such systems on thermal
energy storage units leads to increased overall system costs and reduced operational reliability. Conventional methods for storing
and utilizing solar thermal energy face significant limitations due to high costs and technical complexities, which hinder the
widespread deployment of such systems. The use of a salt gradient solar pond (SGSP) as a reliable system for the simultaneous
collection and storage of solar energy is considered a rational and cost-effective solution. Moreover, the absence of integrated
residential cogeneration systems for electricity, heat, and freshwater has left such systems largely unexplored, despite their
potential to enhance energy and water security and improve the quality of life in small, remote households [11].

In this study, a novel cogeneration system for freshwater and energy production, specifically tailored for small-scale
applications in remote areas, is designed for the first time. This cogeneration system integrates a PV/T, an SGSP, and a SSS. This
system enhances the performance of energy and water production by effectively utilizing the stored thermal energy, thereby
improving the performance of the SSS. Moreover, this approach offers significant economic and environmental advantages due
to the effective use of solar irradiation resources and the reduction of thermal losses. Among these advantages is the capability
for continuous (24-hour) production of heat and freshwater, effectively meeting heating and potable water demands even during
nighttime hours. The solar cogeneration system for freshwater, electricity, and heat will be designed to meet the needs of a four-
member household under the climatic conditions of Semnan.

2. Problem Statement

As illustrated in Fig. 1, brackish water is preheated twice, first by absorbing heat generated by the PV/T and then by a SGSP,
before entering the SSS. This process increases the evaporation rate, which in turn leads to a higher production of freshwater by
the SSS. Since the saline water exiting the SSS has absorbed heat in three stages, it retains a high temperature and can be utilized
to supply the thermal energy needed for domestic hot water. The electrical energy supply is also provided by the PV/T system.
Based on the thermal load demand, the dimensions of the SGSP can be designed in such a way that the stored heat can be
utilized at night for the production of freshwater and hot water. In this system, it is assumed that heat losses along the pipes are
negligible and can be disregarded. The saline water flows into the system continuously and uniformly, and the processes of
evaporation and condensation also occur steadily and continuously. It is also assumed that all the generated vapor in the SSS is
completely condensed and converted into freshwater.
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Fig. 1. Conceptual representation of the developed system.
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Fig. 2. Representation of the structure and energy balance of the flat-plate PV/T collector.

3. Mathematical Model

In this part, the mathematical framework and the key equations of the SGSP, the SSS, and the PV/T collector will be
presented. The governing equations will be used for the numerical simulation of each part of the system.

3.1. PV/T

The flat-plate PV/T collector can be analyzed using a method similar to that employed for conventional flat plate collectors
(FPCs), which involves applying the basic FPC analysis model [16], with modifications proposed by Florschuetz [17], and
Charalambous et al. [18]. According to Fig. 2, the energy equation for the PV/T collector is as follows [17]:

Radiation absorbed by PV/T = Electrical output of the PV/T + Thermal energy gained by PV/T + Overall thermal loss rate from
PV/T to ambient:

SAC = [Qe + Qu + (_]LAC(Z - Ta)] (1)

In PV/T collectors, heat loss to the ambient through various ways of heat transmission is unavoidable. In PV/T collectors, a
corrected overall heat loss coefficient (U,) is used to account for the reduction in thermal losses due to the extraction of the
electricity. This coefficient is a complex function of the collector’s structure and its operating conditions and can be calculated
using the equations provided by Kalogirou [19]. In the above equation, S represents the absorbed solar irradiation. Solar
irradiation, after passing through the transparent cover and undergoing reflection, refraction, and absorption, is captured by the
absorber surface and changed into thermal energy [20]. This energy can be determined by [19]:

S =1I(r,a,) (2)
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Fig. 3. Energy flow diagram in a SSS.

The transmissivity of the cover in a PV/T collector can be accurately estimated by separately analyzing reflection-refraction
and absorption, using the equations reported by Sukhatme [21]. The collector efficiency factor, defined in [22], is calculated by
incorporating the characteristics of the solar cell, using the relation provided by Charalambous et al. [18]. The forced convection
heat transfer coefficient inside the tube can be calculated using the equations provided by Holman [23].

3.2. SSS

For the SSS, the equations proposed by Tiwari [24] are employed, with the modification that the energy associated with mass
flow into and out of the system is also considered. Because the glass cover and absorber plate are thin and therefore have low
thermal inertia [24], the heat capacities of the glass cover, absorber plate, and insulation at the bottom and sides are assumed to
be negligible. The temperatures of the absorber plate, water, and glass cover at any time can be obtained by solving the energy
balance equations for these three components of the SSS. As shown in Fig. 3, the energy balance equations for the different
elements of the SSS are given as follows [24]:

- Absorber plate (steps):

oLy = Qe [Qoa Qo (‘%’:)] )

- Water mass:

a,

7 (4)

a/wILAw + Qc,bfw + mlhl = fn‘oho + Qr.w—g + Qc,wfg + Qc.wfg + (A/[Cp)w
- Glass covers:

LA+ Qg+ Qorg + Quvg = @rogoshy T Qegoshy (5)

where o, and o/, represent the fractions of solar radiation absorbed by the saline water and the steps, respectively, and are
calculated using Egs. (6) to (7) [24]:

a,=(1-a,)7,a, (©)

a‘/b = (1 - ag)TgTw(l - O‘w)ab (7)

The hourly water evaporation rate, accounting for the energy associated with mass flow into and out of the system, is
obtained from Eq. (8) [24]:

Qc,wfg = Tn‘zht - moh’o + (a/w + a/b)ILAb - ULS(Tw - Ta)Ab (8)
The mass balance of water in the SSS is also given by the following equation:
mo = m’L - mevap - ]\/Iw (9)

The convective heat transfer rate from the bottom of the steps to the saline water, the heat loss rates from the bottom and
side surfaces of the steps to the ambient, the heat loss rate from the glass to the ambient, and the heat transfer rate from the
saline water to the glass can be calculated using the equations provided by Tiwari [24].
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Fig. 4. Energy transfer for (a) UCZ and (b) LCZ.

3.3. SGSP

For the SGSP, the equations presented by Sayer et al. [25] are used, with the modification that the energy extracted from the
system is also taken into account. The equations are derived by formulating the energy conservation equations for the LCZ and
UCZ. Certain simplifications and assumptions are made due to the complexity involved [25]. According to Fig. 4, the energy
conservation equation for each layer of the SGSP is as follows [25]:

- LCZ:

oT,,,
plchlcsz,lczAlcz < 8; ) = [(I)I:Llecz] Alcz - Qcond - Qload - Qground (10)

- UCZ:

8Tu(‘z
puchucsz.uczAuz:z ( at ) = Qcond + [(1)1:0 - (I)zzLu”} Aucz - lesses,ucz (11)

When solar energy reaches an SGSP's surface, some reflects skyward while the rest enters the pond [26]. To analyze SGSP
performance, we first determine how much incoming sunlight reflects off, absorbs into, or passes through the water layers. The
solar irradiation flux at depth x is obtained from Eq. (12) [25]:

I, =117, (12)

in which 7, and 7, are the transmissivities of absorption and refraction-reflection at SGSP surface, both of which can be estimated
using the equations reported by Sukhatme [21]. The conduction heat transmission from the LCZ to the UCZ, the SGSP surface
heat loss, and the heat losses from the LCZ to the ground can be calculated using the equations provided by Sayer et al [25]. Heat
extraction from the LCZ is carried out using a heat exchanger consisting of a single long coiled tube located at the bottom of the
SGSP .The heat transmission fluid, by passing through this tube, absorbs heat from the LCZ. The amount of useful heat obtained
and the temperature of the outlet fluid from the SGSP heat exchanger can be calculated using equations provided by Jaefarzadeh
[27]. The forced convective heat transmission coefficient inside the tube and the natural convection heat transfer coefficient of
the fluid surrounding the heat exchanger tubes can be calculated using the equations provided by Holman [23]. The
thermophysical properties used in the calculation of the above coefficients vary over time and are determined using Perry’s
handbook [28] and equations provided by Verma and Das [29].

4. Validation

In this section, the numerical models developed for simulating the performance of each system component will be validated.

4.1. Validation of the PV/T model

The research of Charalambous et al. [18] was selected to validate the model. Charalambous et al. [18] investigated the
performance of a PV/T collector with a header-riser configuration experimentally and theoretically. The operating conditions and
specifications of this collector are given in complete detail by Charalambous et al. [18]. In this work, a model was created in EES
software, and the results derived from the present model were assessed against the theoretical and experimental results of their
research. Other parameters required for validating this model in the EES software can also be seen in Table 1.
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Table 1. Parameters related to PV/T modeling.

Parameters Values Parameters Values
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Fig. 5. Comparison of thermal efficiency obtained from the present model with the research of Charalambous et al. [18].
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As shown in Fig. 5, the findings of the model align well with those presented by Charalambous et al. [18]. The results of the
present simulation are more precise than the model developed by Charalambous et al. [18], as the root mean square deviation for
the present model and the Charalambous et al. model [18] compared to the experimental results are 0.04526% and 0.06181%,
respectively.

4.2, Validation of the SGSP model

A time dependent simulation has been performed by EES software to investigate the performance of the SGSP. Various
approaches are applied to solve the equations governing heat transmission in a SGSP. In this research, the finite difference
technique has been used. For validation, the results are validated against available experimental data from the El Paso SGSP [28]
and the numerical results given by Chakrabarty et al. [26]. The relative features, initial boundary conditions, and climatic data for
the El Paso SGSP are provided fully detailed by Chakrabarty et al. [26] and Lu et al. [31]. The SGSP performance was evaluated
monthly and a time step of 90 hours was considered for the simulation during this period. Simulations were conducted to predict
the LCZ temperature and the UCZ temperature over a year. Figure 6 shows that temperature changes over time in each layer
closely match experimental measurements. Our computational framework demonstrates superior precision compared to
Chakrabarty et al.'s prior simulation approach [26] because RMS error magnitudes for LCZ temperature calculations are 7.95°C
(current model) versus 8.79°C (Chakrabarty et al. [26]), indicating superior precision in our methodology.

4.3, Validation of the SSS model

In this section, for validation purposes, an experimental test was conducted with a device built by Zarei et al. [32]. Figure 7
displays a view of the SSS. The top glass cover, with an area of 0.4968 m?, also has a major role in the evaporation and distillation
process. There is a 1 cm high edge and a 1 cm long gap at the end of each step to prevent overflow and to lengthen the water
path. Other technical specifications of this device and measurement equipment are detailed by Zarei et al. [32]. The performance
of the SSS, with an input flow rate of 3.26 kg per hour, was examined on December 27th under the climatic conditions of Semnan
City from 10 AM to 3 PM. During the experiment, the inlet flow rate was kept constant. Every hour, important parameters such as
the amount of freshwater production, solar irradiation, the temperature of the incoming saltwater to the SSS, the temperature of
the outgoing saltwater, ambient temperature, glass temperature, wind speed, and the temperature of the saltwater on the steps
were measured using measuring devices. The operational conditions of the experimental facility and the measured parameters
in the conducted tests are illustrated in Fig. 8.

For validation, a model was created in EES software. Equation solutions were derived through algebraic transformation of
derivatives using nodal analysis, which is called finite difference. The relevant equations were solved with a time step of 3600
seconds to calculate the outlet brine temperature and the produced freshwater flow rate. The parameters related to the model
are given in Table 2. For 10:00 AM, the initial temperature of the saltwater on the steps is supposed to be equal to the ambient
temperature. Subsequently, the final saline water temperature on the steps at each hour is considered as the initial saline water
temperature for the following hour. It should be noted that the mass of saline water remaining inside the SSS each hour is 2.8 kg.
Amount exceeding this value overflows and is discharged from the brine outlet. As shown in Fig. 8, the measured saline water
temperatures on the last three steps and the brine outlet temperatures of the device are nearly identical, with a difference of less
than one degree Celsius. Therefore, in the conducted modeling, the saline water temperature on the steps and the brine outlet
temperature of the device are assumed to be the same. The parameters of saline water temperature on the steps and the rate of
freshwater production were calculated and compared with experimental data. As observed in Fig. 9, the model results align with
the experimental data. For the saline water temperature on the steps and mass of produced freshwater, the largest variation
between the theoretical and experimental results is observed at 10:00 AM. As depicted in Fig. 9, unlike other hours of the day, the
theoretical saline water temperature on the steps and the theoretical freshwater production are higher than those observed in
the experimental results. Because at this hour, a large amount of solar energy is spent heating the steps and at the same time the
steps are filled with salt water. Over time, after the steps are filled, freshwater production increases. This effect cannot be applied
in the theoretical model, which could be one of the reasons for the difference between two results in the validation.

Fig. 7. View of the tested stepped-type solar still.
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Table 2. Parameters related to SSS modeling.

Parameter value Parameter value
a, [33-34] 0.05 e, [35-38] 0.96
a, [36-37] 0.05 a, [38-41] 0.95
e, [34-36] 0.88 7, [33-34] 0.9
7, [33-36] 0.95 Bep o [39-41]  135W/m’K
h, [37-39] 14 W/m?K ¢, [33] 4.190 kJ/kgK
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Fig. 8. Experimental results: (a) temporal variations of measured temperatures, (b) variations of freshwater production and wind velocity.
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5. Design of the Solar Cogeneration System

The goal of this research is to design a solar cogeneration system for a four-person household in Semnan city. The flowchart
of the solar cogeneration system design can be seen in Fig. 10. Weather data of Semnan city, including monthly average
irradiation, temperature of the ambient, wind velocity, and humidity of air, were adopted from Meteonorm 7.3 software and are
given in Table 3 [43]. The required electricity is also determined based on the operating hours of the devices and their power
consumption. The power consumption of each electrical appliance and its operating time are shown in Table 4. The required
heat can be estimated by considering the amount of heat needed for various activities. The mentioned system must have the
capability to produce an average of 4.315 kWh and 11.455 kWh of electricity per day during the cold and warm seasons,
respectively. From June to late September, the evaporative cooler consumes 7.140 kWh of electricity per day. The temperature of
the hot water consumed in the domestic sector is assumed to be 333.15 K [44], and the cold water temperature is supposed to be
equal to the ambient temperature. The dimensions of the cogeneration system must be designed to supply the essential heat for
producing fresh water and hot water at a temperature of 333.15 K for the activities specified in Table 5. Utilizing the information
presented in Table 5 about a domestic unit of four people and typical daily activities, which include two instances of food
preparation, two occurrences of manual dishwashing, one shower per individual, and two hand-washings per individual each
day, one can derive the small, middle, and high water consumption in liters per individual as depicted in Table 6. The scenario
representing maximum consumption occurs when the daily shower for each individual is substituted with a bath for each
individual.

Table 3. Climate data of Semnan city [43].

Month Relative humidity Ambient Solar irradiation on horizontal Solar irradiation on tilted Wind speed
(%) temperature (K) surface (W/m?) surface (W/m?) (m/s)
January 63.9 276.62 115.1 136.66 1.4
February 49.7 280.25 164 178.61 1.99
March 37.6 285.95 225.9 228.61 2.39
April 36.7 291.25 284.9 274.44 2.7
May 27.8 297.45 326.3 305.55 3.29
June 23.5 302.35 345.2 319.44 3.49
July 24.4 305.15 312.1 291.6 3.4
August 22.8 304.05 293 279.16 2.89
September 24.9 299.35 253.3 250.83 2.6
October 325 293.05 180.3 190.55 2.11
November 48.4 284.25 126.7 146.38 1.69
December 65.6 278.37 101.3 124.44 1.19

Table 4. Power consumption of electrical appliances [42].

Electrical Device Nominal wattage (W)  Operating Duration
Refrigerator- Freezer 110 24
evaporative cooler 420 17
TV 105 2
Lighting 120 8
- 400 -
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Fig. 10. Flowchart of the design process for solar cogeneration system.

Table 5. Residential hot water consumption for each activity [19].

Application Consumption (litre/day)
Preparation of food 10-20
Dishwashing 12-18
Shower 10-20
Bath 50-70
Hand and face washing 5-15
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Table 6. Daily Hot Water Requirements for a four-person family (Litere/person/day) [19].

Guideline Low Medium high
Normal consumption 26 40 54
Maximum consumption 66 85 104

Table 7. PV/T specifications [18-20].

Parameter Value Parameter Value

d, 0.005 m €p 0.9

t/2 0.0025 m ap 0.86

ki 84 W/m.K L, 1.96 m

8 0.00035 m s 4mm

E 15m™ w, 0.97 m
Kplate 400 W/m.X Butge 0.02m

Cy 400 W/mK k., [46]  0.034 W/mK
Uca 200 W/m?K Bref 0.003/K
Tret 25°C Ky [30]  0.018 W/m.K
et 0.1 Shack 0.05m

Dy 0.04 m B 35.6°

€x 0.88 N, 11

w 0.04 m Dy 0.02m

The domestic hot water consumption for a four-person family with medium normal consumption is 160 liters per day.
Therefore, a family of four person requires a maximum of 10.480 kWh of heat per day. Each person requires an average of 2.8
liters of fresh water per day for drinking and cooking, meaning a family of four needs 11.2 liters per day [45].

6. Results and Discussions

Here, the dimensions and performance of the components of the cogeneration system are discussed to meet the demand for
energy and fresh water.

6.1. PV/T

To meet the electricity needs, a PV/T with a header-riser configuration was designed with the specifications presented in
Table 7. The header-riser configuration has 157 copper riser pipes with a length of 1.88 m and a diameter of 0.025 m. In this
configuration, there are two copper header pipes with a diameter of 0.04 m. The distance between the riser pipes is 0.04 m. The
described configuration is connected to a copper plate with a thickness of 0.005 meters, which acts as a heat absorber.
Polyurethane and polystyrene are used as back and side insulation, respectively. The water input flow rate is 80 kg/hr because, in
addition to effectively cooling the photovoltaic panel and absorbing its heat, it must be able to provide the required freshwater
production by absorbing sufficient heat from the SGSP. The concentration of saline water entering the system is 960 mg/L [29]
and its thermophysical properties varied in all components of the cogeneration system at each time interval. The thermal and
electrical performance of the PV/T is evaluated monthly, starting from April, in two configurations of unglazed and glazed. The
reason for starting the system operation in April is that the SGSP can store more thermal energy for heating the PV/T outlet
saline water during the winter and autumn seasons. As shown in Fig. 11, the electricity generated by the glazed collector is lower
than that produced in the unglazed configuration. Since the glass cover reduces the performance of the PV panel due to
increased optical losses and higher panel temperatures, it results in lower electricity generation. However, the glazed collector,
due to reduced thermal losses from the PV panel surface to the environment, generates more heat compared to the unglazed
configuration. Since the electricity supply is only provided by this part of the cogeneration system, the unglazed PV/T with higher
electrical performance is selected. The unglazed PV/T with an area of 21 m? provides a minimum of 6.284 kWh/day and 12.14
kWh/day of electricity daily in the cold and warm seasons, respectively. It generates an average of 4.026 MWh of electricity
annually. Therefore, this system generates an average of 1.58 MWh/year of electricity, higher than the yearly consumption (2.878
MWh/year).

The negligible variation in the outlet fluid temperature between June and July can be explained by the combined influence of
solar irradiance, inlet fluid temperature, and wind-induced thermal losses. Although the solar irradiance in July is lower than
that in June, leading to a reduction in PV cell and absorber temperatures, this effect is partially compensated by the higher
ambient temperature in July. Since the inlet fluid temperature is assumed to be equal to the ambient temperature, the working
fluid enters the collector at a higher temperature during July. Furthermore, the wind speed in June is approximately 0.5 m/s
higher than in July. For an unglazed PVT collector, convective heat losses from the absorber surface are strongly dependent on
wind speed. Therefore, the higher wind velocity in June enhances convective heat transfer to the surroundings and increases
thermal losses from the collector. In contrast, the lower wind speed in July suppresses these losses and promotes heat retention
within the collector. As a result, two competing mechanisms are observed: the lower solar irradiance in July tends to decrease the
thermal energy absorbed by the collector, whereas the higher inlet fluid temperature and lower convective heat losses tend to
increase the outlet fluid temperature. The combined effect of these opposing factors leads to a near-equilibrium thermal
behavior, explaining why the outlet fluid temperatures in June and July remain very close despite the differences in
meteorological conditions. This observation highlights that, for unglazed PVT collectors, the outlet fluid temperature is governed
not only by solar irradiance but also by the balance between absorbed solar energy and environmental heat losses. Consequently,
variations in ambient temperature and wind speed may significantly moderate the expected influence of irradiance on the
collector thermal performance.

6.2. SGSP

The SGSP should be designed to provide sufficient heat to produce fresh water in the SSS as well as to produce hot water at
appropriate temperatures for the activities listed in Table 5. The concentration of dissolved salts such as sodium chloride ranges
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from 20-30% at the pond bottom to near zero at the water surface [47]. Based on the above explanations, in the present work, the
salt concentration in LCZ is considered to be 0.26 kg/L. A SGSP with an area of 10 m? and a depth of 1.1 m was designed, where
the thicknesses of UCZ and LCZ were 0.1 m and 0.4 m, respectively. The NCZ is thicker and constitutes about half the thickness of
the SGSP [21], so the thickness of the NCZ was considered to be 0.6 m. Reducing heat losses is an effective technique for
enhancing the efficiency of SGSP, and using insulation under the SGSP to reduce heat loss to the ground can be effective in this
regard. Glass wool with a width of 1.5 cm was used as insulation under the SGSP. The lateral walls of the SGSP are also fully
isolated. The ground temperature is equal to the annual mean temperature of the ambient in that region; therefore, the ground
temperature was also determined based on this point [48]. Other specifications of the SGSP are summarized in Table 8. During
the simulation, it was observed that when the SGSP starts operating, no heat can be extracted from it because a considerable
time is necessary for the heating of this volume of water.
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Fig. 11. Comparison of (a) electrical energy produced, (b) output temperature from PV/T in the unglazed and glazed case.
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As a case study, the hourly performance of the SGSP from June 22 to June 25 was analyzed under the weather conditions
presented in Fig. 12. The weather data for Semnan city on these days were extracted using the Meteonorm 7.3 software [43].
Initially, the performance of the SGSP was simulated for three days without heat extraction, and subsequently, the feasibility of
heat extraction was evaluated. The mass rate of brine entering the SGSP heat exchanger is 80kg/h, and its temperature is
assumed to be ambient temperature. The initial temperatures of the LCZ and UCZ are supposed to be equal to the ambient
temperature at 6:00 AM on June 22. As shown in Fig. 13, the LCZ temperature in the SGSP increases by an average of 6 to 7 °C per
day. Since the UCZ is in contact with the surroundings, its temperature remains close to the ambient temperature and changes in
a similar pattern. On June 25, the heat was extracted from the SGSP. As shown in Fig. 14, the SGSP demonstrated the ability to
supply thermal energy both during the day and at night on June 25. This capability is particularly noticeable during hours without
solar radiation. On this day, a 7 °C rise in the temperature of the LCZ was also observed. At 00:00 AM on June 26, the entering fluid
temperature to the SGSP heat exchanger increased to 316K, corresponding to the highest amount of heat extracted from the
SGSP. Based on the above observations, if the SGSP is operated as part of the cogeneration system from the first day, it will
extract heat from the PV/T system’s outlet fluid, thereby reducing the overall thermal performance of the integrated system.
Accordingly, it was decided that the SGSP would operate without heat extraction throughout February and March, allowing
thermal energy to accumulate. The cogeneration system would then begin operation on April 1st. The initial temperatures of UCZ
and LCZ were assumed to be equal to the ambient temperature during the month of February. After two months of operation, the
LCZ and UCZ temperatures reached 286.99K and 328.76 K, respectively. These values are considered as the initial temperatures of
the UCZ and LCZ on the first day of cogeneration system operation (April 1st).

The monthly thermal performance of the SGSP coupled with the PV/T system was studied. As illustrated in Fig. 15, the highest
outlet temperature from the SGSP heat exchanger occurs in June and July due to high ambient temperatures and solar irradiation.
Even in January, the coldest month with an ambient temperature of 276.77 K, the SGSP performed effectively by more than
doubling the saline water temperature exiting the PV/T collector. Throughout the year, the temperature of UCZ remains close to
the ambient temperature due to direct exposure to the environment. The highest temperature in the LCZ was reported in June,
corresponding to the peak solar irradiation, and reached 363.63K. The SGSP generates at least 29.6 kWh/day of thermal energy,
which is almost 2.73 times the daily thermal energy requirement of a household.
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Fig. 12. Hourly variations of weather conditions from June 22 to June 27, (a) Wind velocity, (b) Solar irradiation, (c) Relative humidity.
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Table 8. Specifications of the solar pond.

Parameter Value Parameter Value
X, 2m Cour [31] 3300 J/kgK
Cpuce [26] 4180 J/kGK T, .. 291.52 K
b [26]  1000kg/m® . [31] 1200 kg/m®
L, 30m k; [49] 0.035 W/m.K
k, [26] 25 W/mK  k [26] 059 W/mK
kpipe 400 W/m.K m; 80 kg/hr
D 0.02m D, 0.016 m

o i
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6.3. SSS

To meet the freshwater demand of a four-person household, a SSS with a glass cover area of 9 m? was designed. In this
system, 28 steps are used, each with a length of 2.5 meters, a height of 2.5 centimeters, and a floor of 10 centimeters. Extruded
polystyrene foam was used as insulation. The monthly performance of the active and passive SSS, with an inlet flow rate of 80
kg/h, was evaluated using Table 9. Monthly variations in freshwater production and outlet temperature for both active and
passive SSS are shown in Fig. 16. The quantity of freshwater produced in the cogeneration system consisting of a PV/T collector, a
SGSP, and a SSS is higher than in other configurations. Therefore, placing the SGSP before the SSS can result in a minimum daily
production of 12.5 liters of freshwater, which is 1.3 liters more than the daily freshwater requirement of a four-person household.
The highest amount of freshwater production occurs in June due to the highest levels of solar irradiation and the high inlet
temperature of the SSS. The temperature of the salinewater output and the amount of freshwater produced are higher when the
SSS is coupled with the SGSP and the PV/T compared to other configurations. This is while the highest and lowest temperatures
of the produced hot water are 367.15K and 307.71K, respectively, occurring in June and January.
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Fig. 16. Continued.

The cogeneration system exhibits excellent thermal performance, such that it increased the outlet fluid temperature to more
than nine times the inlet fluid temperature during January. According to Fig. 17, this system is capable of producing at least 63.67
kWh/day of heat in the coldest month of January. The seasonal trend of heat production shown in the figure arises from the
competition among three main climatic factors: solar radiation (positive driver), ambient temperature (dual effect on absorption
and losses), and wind speed (loss enhancer). From April to June, the gradual increase in solar radiation and ambient temperature
dominates over the concurrent rise in wind speed, leading to an upward trend in heat production. From July to September,
although solar radiation remains appreciable, ambient temperature reaches its peak, reducing the effective temperature
difference for heat absorption; meanwhile, wind speed stays high, and together these factors cause a declining trend in heat
production. From October to December, the sharp drop in solar radiation combined with decreasing ambient temperature cannot
be compensated by the simultaneous reduction in wind speed, so heat production falls to its lowest level. From January to March,
the rapid increase in solar radiation together with the gradual rise in ambient temperature—which lowers convective losses—
restores the upward trend in heat production, with a steeper slope toward the end of this period as solar radiation intensifies
near the spring equinox. Overall, heat production is governed by the interplay of solar radiation (positive), ambient temperature
(reducing losses at moderate levels but narrowing the absorption driving force at very high levels), and wind speed (increasing
losses). The seasonal variations of these three parameters determine the observed annual pattern.

6.4. Daily performance of the solar cogeneration system

Here, to better understand the operation of this solar cogeneration system, its hourly performance is tested on April 1%. The
weather conditions are shown in Fig. 18. The weather data presented were extracted from the Meteonorm 7.3 software [43]. The
areas of the PV/T, the SSS, and the SGSP are 21 m?, 9m?, and 10 m?, respectively.

According to Figs. 19 and 20, during the hours when there is no solar irradiation, the fluid exiting the PV/T, which is at
ambient temperature, absorbs heat from the SGSP, resulting in freshwater production in the SSS. As illustrated in Fig. 19, unlike
the other hours of the day, the outlet temperature from the SSS is lower than the inlet temperature due to the absence of solar
irradiation and heat loss to the environment. The SGSP performs well at night, and in the absence of solar irradiation, the
production of freshwater and hot water continues. Despite the high solar irradiation at 12:00 PM, the system experiences a
reduction in freshwater and energy production from 1:00 PM to 4:00 PM due to the sudden onset of cloud cover, which leads to a
decline in solar irradiation. Subsequently, around 4:00 PM, as the weather conditions improve and solar irradiation rises again,
freshwater and energy production reach their maximum levels of the entire day.

Table 9. Parameters related to SSS modeling [33-41].

Parameter Value Parameter Value
- 0.05 Ew 0.96
E 15m™* ap 0.95
g 0.88 B lass 4 mm
T 0.95 by 135 W/m?K
k, [49] 0.028 W/mK L. 0.02m

i
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The SGSP is capable of providing a stable thermal output, which is crucial for maintaining the efficiency of the system. Due to
the limited or absence of solar irradiance during nighttime hours, the production of freshwater and thermal energy during these
periods experiences only minimal variation. During these hours, electricity generation also drops to zero. This cogeneration
system is capable of producing 58.51 liters of freshwater, 7.123 kWh of electricity, and 68.425 kWh of heat on April 1st, of which
21.68 liters of freshwater and 17.98 kWh of the heat are generated during the night. The simultaneous utilization of solar energy
and thermal storage enables the continuous fulfillment of heating and freshwater demands throughout the year, thereby
enhancing the system's stability. Based on the above results, this cogeneration system can provide a sustainable future and
improve the quality of life in regions with high demand for electricity, heat, and freshwater.
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Fig. 19. Thermal performance of the cogeneration system on April 1%t

Table 10 compares the freshwater production of the proposed system with similar solar still configurations reported in the
literature. Most of the reported systems were studied at laboratory scale with basin areas below 0.75 m?, whereas the present
system considers a larger scale of 7 m?. The proposed system achieves a specific freshwater productivity of 8.36 L m? day?, which
is higher than the values reported in previous studies (typically ranging from 1.91 to 5.33 L m? day). In addition to the specific
productivity, the total freshwater yield of the proposed system reaches 58.51 L day™?, whereas the reported small-scale systems
typically produce a maximum of about 2.57 L day?! due to their limited absorber area. Furthermore, the integration of the SGSP
enables thermal energy storage and extends freshwater production beyond sunshine hours. The system is specifically designed
as a trigeneration configuration to simultaneously produce freshwater, electrical power, and useful thermal energy, and is not
limited to freshwater production alone. Overall, the results demonstrate that the proposed system exhibits superior freshwater
production performance compared with similar systems reported in the literature.
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Table 10. Comparison of freshwater productivity with previous studies.

Refrence Type of solar still Integrated enhancement techniques EvaporatlonzBasm Specific freshwazter productivity
area (m? (L/m?day)
Asadabadi and . . . .
Sheikholeslami [6] Pyramid Hollow copper fins + glass wool insulation 0.25 5.33
Aghakhani et al. [7] Single slope Thermoelectric module (hot side heater + cold } 191
stepped side condenser)
Prakash and Kumar [8] Single slope Internal reflectors + external reflector + glass 0.75 343
stepped cooling
Taheri Mousavi [9] Hemispherical Funnel stepped absorber plate 0.256 4.61
funnel stepped
Pandey and Naresh [10] Pyramid Pulsating heat pipe (PHP) 0.49 4.1
Mohtasim et al. [14] Pyramid PVT/HNPCM/Fin 0.25 4.109
Rajesh and Chiranjeevi [15] Slrsltgé ;;é%pe Bi-directional serpentine PVT absorber 0.45 3.46
Present study Stepped Header-riser PVT collector + SGSP 7 8.3586

7. Conclusions

The operation of buildings contributes to approximately 30% of the world's final energy consumption and accounts for 26% of
greenhouse gas emissions related to energy. Among these emissions, 8% come directly from building activities, while the
remaining 18% are produced indirectly through the generation of electricity and heat used by buildings. [50]. At the same time,
domestic or municipal water consumption accounts for approximately 12% of global freshwater withdrawals, highlighting the
significant contribution of households to overall water demand [51]. These challenges highlight the need for small-scale, solar-
based cogeneration systems for electricity, heat, and freshwater, aimed at improving living quality and ensuring sustainable
energy and water supply in remote areas. In this study, for the first time, a small-scale cogeneration system based on a
photovoltaic-thermal (PV/T), a salt gradient solar pond (SGSP), and a stepped solar still (SSS) was designed for sustainable and
clean production of energy and freshwater in arid remote areas. Mathematical models were developed and validated in EES
software to evaluate the performance of each component of the system. Subsequently, the cogeneration system for electricity,
fresh water, and heat was designed to supply the needs of a four-person household under the climatic conditions of Semnan city.
The results of the present study are as follows:

— The electricity produced by the glazed PV/T showed a significant difference compared to that produced by the unglazed
PV/T. The unglazed PV/T, with an area of 21 m?, supplied at least 6.28 kWh/day of electricity and generated an average
annual surplus of 1.58 MWh beyond the household’s consumption.

— The monthly thermal performance of the SGSP coupled with the PV/T was evaluated. In January, the coldest month with
an ambient temperature of 276.77 K, the 10 m? SGSP coupled with the PV/T demonstrated strong performance, raising the
temperature of the fluid exiting the PV/T (12.5 °C) collector to more than twice its original value (26 °C).

— Throughout the year, the UCZ temperature remained near the ambient level, while the highest temperature in the LCZ is
363.63 K in June, corresponding to the peak in solar irradiation.

— The cogeneration system combining a PV/T, a SGSP, and a SSS delivers 3.429 m? of freshwater more than a system based
only on a PV/T and a SSS.

— In this cogeneration system, the areas of the PV/T collector, the SSS, and the SGSP are 21 m?, 9 m?, and 10 m?, respectively.
The cogeneration system is capable of producing annually 4.026 MWh of electricity, 6.972 m? of fresh water, and 37.99
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MWh of heat. The proposed system is also capable of producing, daily, at least 12.5 liters of fresh water, 67.63 kWh of heat,
and 6.284 kWh and 12.14 kWh of electricity during the cold and warm seasons, respectively.

— Hourly simulation of the cogeneration system’s performance on April 1st, under the climatic conditions of Semnan,
showed that the system can produce 58.81 liters of fresh water, 7.123 kWh of electricity, and 68.425 kWh of heat per day.
Interestingly, 21.68 liters of fresh water and 17.98 kWh of heat were produced during the night.
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Nomenclature
A, Absorber area [m?] Qy Heat loss from the bottom surface of the steps to the ambient [W]
A, Area of PV/T [m?] Qe Convection heat transmission between steps and saline water [W]
A, Glass cover area [m?] Qegcky Convection heat transmission between the glass and the sky [W]
A, Area of the lower convective zone [m’] Qe g Convective heat transmission between the water and the glass [W]
A,..  Areaof the upper convective zone [m?] Qeona Conduction heat transmission rate from LCZ to UCZ [W]
A, Evaporation area [m?] Q. Electricity production of the PV/T [W]
c, Heat capacity of saline water [J/kg K] Qeovy Evaporative heat transmission between water and glass [W]
C, Bond conductance [W/m K] Q ground LCZ loss to the ground [W]
c Specific heat capacity of the lower convective zone Qrona Absorption heat rate from LCZ [W]
p.lez [/kg K]
c Specific heat capacity of the upper convective zone Qlosses e Overall heat rate from UCZ to ambient [W]
pucz [/kg K]
D, Tube inside diameter [m] Qygsky Radiative heat transmission between the glass and the sky [W]
D, Header pipe diameter [m] Qrv g Radiative heat transfer between the water and the glass [W]
D, Tube outside diameter [m] Q. Thermal energy gained by PV/T [W]
E Extinction coefficient [m] S Absorbed irradiation [W/m?|
5 Heat transmission coefficient between the bottom t Thickness of pipe wall [m]
b surface of the steps and the ambient [W/m?2.K]
h Heat transmission coefficient between the bottom T, Ambient temperature [K]
eb=w  gurface of the steps and the saline water [W/m?2.K]
h; Enthalpy of inlet saline water [J/kg] T pround Ground temperature [K]
h, Enthalpy of outlet saline water[J/kg| T, Entry temperature [K]
1, Solar intensity [W/m? T,.s Reference temperature [K]
I, Absorbed irradiation at depth x [W/m?] T, Saline water temperature [K]
Kpaek PV/T back insulation conductivity [W/m.K] U.. Heat loss coefficient between the PV cells and the absorber [W/m?2K]
Epage PV/T edge insulation conductivity [W/m.K] U, Edge heat loss coefficient of PV/T [W/m?2.K]
k, The ground conductivity [W/m.K] U, Modified heat loss coefficient of PV/T [W/m?K]
k; Insulation material conductivity [W/m K] Us Overall heat transfer coefficient water to ambient [W/m?2K]
i Thermal conduction of the heat exchanger pipes in w Tube spacing [m]
pive the solar pond [W/m.K]
i Thermal conductivity of the PV/T absorber plate w, PV/T Collector width [m]
plate [W/m.K]
kg Thermal conductivity of silicon [W/m.K] X, Depth of water table [m]
k., Thermal conductivity of saline water [W/m K] Greek letters
L Pond depth [m] £, PV/T absorber plate emissivity
L, Insulation thickness [m] g, Glass cover emissivity
L. Thickness of the lower convective zone [m)] €w Water emissivity
L, PV/T collector length [m] s, Absorber plate thickness [m]
L,.. Thickness of the lower convective zone [m)] Spack PV/T back insulation thickness [m]

Length of the heat exchanger pipe at the bottom of
t the pond [m]
L Thickness of the upper convective zone [m]

edge

)

glass
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m Inlet mass flow rate to the collector [kg/s] a, Absorptivity of the PV/T absorber plate
..., Freshwater production rate [kg/hr] ay Solar absorptivity of the steps
™, Inlet mass flow rate [kg/s] o, Glass absorptivity
m, Outlet mass flow rate [kg/s] a,, Water Absorptivity
. Saline water mass flow rate on solar still steps ay, The fractions of solar irradiation absorbed by the steps of the solar
M [kg/hr] still
N, Numbers of PV/T collectors a, The fractions of solar irradiation absorbed by the saline water
Bres Cell efficiency temperature coefficient [1/k] Subscript
B Collector slope, degree HNPCM Hybrid nano-Phase change material
7, Glass transmissivity LCz Lower convection zone
Ton Water transmissivity MCSSs Modified concatenated stepped solar still
Nres Electrical efficiency for the reference temperature NCz Non-convection zone
" Transmissivity based on absorption PV Photovoltaic panel
. Transmissivity based on reflection- refraction PV/T Photovoltaic-thermal
d, Time step [s] SGSP Salt gradient solar pond
p Density [kg/m?] SS Solar still
0y Thickness of silicon [m] SSS Stepped solar still
s, Collector thickness [m] ucz Upper convection zone
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