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Energy drives the growth, transformation, and economic development of every
nation. The vitality of human existence and progress hinges on the accessibility of
both energy and water resources. As freshwater resources are diminishing,
therefore, desalination needs have increased. In solar membrane distillation
systems, the key challenge is maintaining the intake water temperature in the
membrane distillation system with fluctuating solar radiation intensity which
affects the distillate water quantity and quality. The objective of this study is to
enhance and optimize a mathematical model for analyzing a cutting-edge solar-
integrated PV/T-DCMD system. In this innovative integration, the direct contact
membrane distillation intake water temperature is derived from the photovoltaic
thermal output. The integration of direct contact membrane distillation with
photovoltaic thermal systems represents a cost-effective and technologically
advantageous concept. As the water temperature increases, there is a notable
improvement in the evaporation efficiency of PV/T-DCMD systems, with an
increase from 35.08% to 42.01%. Additionally, there is a reduction in specific
thermal energy consumption, decreasing from 1,192 to 1,386 kWh/m* as a
consequence of the elevated feed water temperature.

solar integrated desalination, direct contact membrane distillation, photovoltaic
thermal, low-grade heat, evaporation efficiency

1 Introduction

In a world where temperatures are rising and fresh water is becoming scarcer, the
creation of green energy is becoming more important. Using fossil fuels has increased
environmental pollution and exacerbated the severity of natural disasters. Producing clean
energy and fresh water is crucial for overcoming such challenges. One of the world’s greatest
difficulties is meeting the growing demand for clean water. The need for pure water is
growing in tandem with the global population and economy. Water shortages will affect
70% of the world by 2025. Only 0.5% of the world’s water sources are acceptable for human
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FIGURE 1
Worldwide water scarcity zones (IRENA, 2022).

and agricultural use, even though more than half of the population
lives within 200 km of seashore (Li, 2012). The growing population
and industrial need for clean water are driving demand. The water
sector is contemplating salty and brackish water. For decades, solar
desalination has improved, resulting in increased daily production at
reduced prices. Solar water desalination is thermal or membrane
(Anis et al., 2019). Extreme levels of water shortage, as indicated in
Figure 1, have arisen in the Middle East and North Africa area due to
a combination of factors, including dry and semi-arid climatic
conditions, rapid population increase, and inefficient water usage.
The “United Nations Sustainable Development Agenda” aims to
decrease water shortages by improving water consumption
efficiency and resource management (Cf, 2015).

Desalination technology is crucial to solving the global water
challenge. The International Desalination Association (IDA)
estimated 16,000 desalination units worldwide in June 2018,
generating 87.5 million cubic meters of water per day and
2020).
Desalination demands substantial energy to eliminate salt and

servicing 300 million people (Hussain and Kim,
impurities from seawater or brackish water, contingent on the
chosen technology and water conditions (Kalogirou, 2005). Many
countries use desalinization to satisfy their freshwater needs. In
2020, the world’s desalination potential was 114.9 million m3/day
(Eke et al,, 2020; Kumar et al., 2023). Desalination is expensive due
to escalating energy costs and distant supply issues. Integrating
desalination facilities with low-grade heat sources and solar energy,
especially sustainable solar power, may reduce costs and energy
usage (Qtaishat and Banat, 2013). Wind, solar, hydro, tidal,
geothermal, and biomass are renewable energy sources that
decrease fossil fuel wuse and solve global energy and
environmental issues. Renewable desalination decreases fossil fuel
consumption, greenhouse gas emissions, and energy security
(Nalule, 2018). There are several different techniques for
desalinating water using solar thermal energy; they include solar
still, humidification-dehumidification, multi-effect, multi-stage
flash, and membrane desalination. These processes rely on solar
heat to generate thermal energy, which is then utilized to evaporate
and condense saltwater into potable water (Shalaby et al., 2022). The

reverse osmosis process, the most common desalination process, can
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be powered by PV panels, which have become popular in areas with
high solar radiation (Anand et al., 2021). Several more RES can be
successfully integrated with desalination technologies to give long-
term solutions to water shortage, as shown in Figure 2. Some of the
most effective and widely used combinations of renewable energy
sources for desalination are as follows (CRES, 1998).

The expression “Water is life” succinctly captures the crucial role
that water plays in sustaining life on our planet. Water could be
categorized according to its salinity levels as follows: Freshwater:
salinity below 500 parts per million (ppm) - Brackish water: salinity
ranging from 5,000 to 35,000 ppm - Saline water: salinity between
35,000 and 45,000 ppm - Brine: salinity beyond 45,000 ppm
(Soomro et al, 2022). Water demand in Pakistan exceeds its
supply, even though rivers and groundwater make up most of its
fresh water. The country is under water stress and on the edge of
being categorized as water scarcity, with 80% or more water shortage
by 2040 (w. r. institute, 2022; Kumar et al., 2021a). Pakistan’s rivers
and groundwater are unfit for human consumption owing to
excessive TDS and arsenic pollution. Population health is
threatened by high groundwater arsenic levels. Pakistan, is the
sixth most populous developing country, with 803,950 km* and
1,146 km of coastline, offering tremendous renewable energy
potential (w. r. institute, 2022). Pakistan energy power generation
(July-March FY 2023) share percentage of hydro (28.6%), Thermal
(46.2) %, Nuclear (21%), and Renewable (4.2%) (p. e. survey, 2023).
Current power production in Pakistan shows poor renewable power
generation, hence alternative renewable ways should be improved to
meet demand.

RES desalination combinations can solve water shortages, and
further research can improve efficiency and cost. Solar energy
powers desalination technology because it is clean, plentiful, and
widely accessible. Solar systems use PV technology to produce
power from sunlight (Gonzélez et al, 2017). The PV sector has
increased by over 35% annually over the last decade. Global PV
capacity was 591 GW in 2019, including 184 GW of module
manufacture and 125 GW of sales (Feldman and Margolis, 2019;
Khatri et al., 2022). Current solar technology comprises PV and solar
thermal panels, which are combined to generate electricity and heat
in hybrid PV/T systems (Barbu et al,, 2019). While most electricity
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FIGURE 2
Alternative methods of desalination in accordance with RES.

in Pakistan comes from harmful sources, solar PV power-generating
systems can produce 3.525 x10° and 455.3 GWh annually, meeting
present and future energy demands (Harijan et al., 2015). Active
cooling achieves 60% thermal efficiency and PV/T 22% electrical
efficiency (Kumar et al, 2021b). Glazed PV/T systems are more
efficient than unglazed systems in thermal energy and exergy.
Glassed PV/T systems have 74.14% thermal energy efficiency and
0.76% exergy efficiency, whereas unglazed systems have 71.29% and
0.65%. Energy efficiency of electricity (Kumar et al., 2021c). PV/T
systems continually produce 55°C hot water. The heat exchanger
maintains membrane distillation (MD) at 40°C. This MD method
generates 3 L of fresh water per square meter per hour utilizing
5,200 kJ/kg water (Al-Hrari et al., 2020). The water-based PV/T has
the highest thermal, electrical, and overall efficiency at 44.5%, 14.8%,
and 59.3%. Water flows 1.02 L per minute through its 16-mm tube.
Results show that PV/T system thermal and electrical efficiency rises
with Reynolds number (Hassan et al., 2023). In a small solar-based
PV/T water collector, Reynolds number boosts heat transfer rate and
electrical and thermal efficiency from 0.004 kg/s to 0.08 kg/s,
achieving 89.96% and 11.47%, respectively, and exergy efficiency
is 14.68% at 0.02 kg/s mass flow rate (Podder et al., 2023).

In membrane distillation, a hydrophobic membrane transports
water vapor from a salty feed to a clean permeate stream without
allowing salty water in. This requires heating feed water and cooling
differential.
condensation on the colder side of the membrane produces clean

permeate to maintain a temperature Vapor
water without contaminants or salts (Alklaibi and Lior, 2005;
Ashoor et al,

quality heat sources and modest temperature changes. Its

2016). MD shows energy efficiency with low-

flexibility to solar thermal and conventional energy makes it a
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potential large-scale purification method with environmental and
economic benefits (Luo and Lior, 2016; Baghbanzadeh et al., 2017).
MD processing needs a low-grade heat source and a condenser,
therefore heat transfer and mass transfer mechanisms are used. MD
is configured in several ways depending on how membrane vapor
pressure differentials are created. Direct contact MD, vacuum MD,
swirl gas MD, and air gap MD are the four basic membrane
distillation methods used to purify water (Yadav et al, 2021).
DCMD is the most popular since it is simpler for commercial
purposes. DCMD can utilize waste heat or low-grade solar
thermal energy for freshwater production, although fuel price
inflation is unpredictable (Long et al.,, 2018). DCMD, well-known
for industrial use, recovers waste heat and generates freshwater using
low-grade solar energy. DCMD recovers waste heat better than other
membrane processes because it uses less energy and works at lower
temperatures and pressures. DCMD modeling and testing have
examined heat and mass transfer, operational parameters, pore
size distribution, air flux, flow rate, flow velocities, and feed
temperature (Phattaranawik et al., 2003; Chen et al.,, 2009). The
water temperature entering the heat exchanger will decrease if the
water that exits the CPV/T system has a low temperature. When it
comes to the DCMD module, a substantial reduction in temperature
was observed in the initial temperature of the feed input (Al-Hrari
et al,, 2020). The DCMD had more water flow than the AGMD.
Long-term DCMD testing produced high water flow. DCMD
boosted water flow by 43% over AGMD. Clear days have 30%
lower SEC and 17% greater GOR than gloomy days (Choi et al,
2022). With 80 MWe of concentrated solar power integrated with
DCMD and 12h of thermal storage, the system produced
353.87 GWh of energy with a 56.1% capacity factor. The lowest
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Levelized Energy Cost was 4.51 cents per kWh for the PT plant.
DCMD technology in the SPT system produced water for US §
0.314 per cubic meter (Soomro et al., 2020). The developed DCMD
system produces drinkable water at 45.18 kg per square meter per
hour using an evacuated tube solar collector. Solar heating at 75°C
maintained a mass flow rate of 7L/min on both sides of the
membrane and 80% evaporation efficiency (CK et al., 2022).

Previously conducted studies did not provide complete
simulations of solar energy integrated with DCMD systems that
allowed optimization of a small-scale saline solar desalination, which
could be useful for DCMD solar installations that produce drinking
water. Flat plate photovoltaic thermal collectors are suited for small-
scale reverse osmosis systems due to their low thermal energy
demand. In contrast, for larger-scale reverse osmosis desalination
and hybrid reverse osmosis-membrane distillation with high
electricity and thermal energy requirements, concentrated
photovoltaic thermal collectors are preferable. The objective of
this study is to integrate solar PV/T technology with DCMD to
create a highly effective system that can operate using low-grade heat
sources, specifically at temperatures around 40°C. This integration is
particularly advantageous given the solar PV/T’s outlet water
temperature range of 40-55°C, contingent on weather conditions.
The primary objective is to provide an innovative solution for water
desalination, especially targeting distant regions that lack the
availability of drinkable water. The suggested integrated system
harnesses solar energy to simultaneously generate electricity and
provide clean water. The work focuses on a compact and easily
transportable system, using numerical simulations, to be useful for
various environments. The purpose of this research is to numerically
perform a small-scale, portable system using DCMD for desalinating
brackish water for use in regions that are geographically isolated
from potable water sources. In this study, a MATLAB model is
presented for a solar PV/T system that integrated a DCMD system to
generate power as well as clean water production utilizing the solar
power system. Considering this, a solar brackish water heating
system including both PV/T and DCMD for desalination is
introduced into the system at the same time. The main aims of
this computational study are to develop a new MATLAB model for
the solar-powered PV/T-DCMD system in Simulink to analyze
energy balance, heat transfer, and mass transfer, with the dual
objective  of simultaneously  generating electricity —and
desalinating water.

This study is structured for a comprehensive understanding of
the solar PV/T and DCMD system integration. Section 2 outlines the
methodology, while Section 3 focuses on mathematical modeling.
Model validation is detailed in Section 4. The study facilitates
thermal and electrical

analyses, along with heat transfer

assessment. Section 5 presents findings on DCMD impact,

Section 6 concludes the study findings and Section 7 presents the
future work and recommendations.

2 Methodology
2.1 System description

This study was conducted to assess how viable Solar PV/T
systems are under the climatic conditions prevalent in Jamshoro,
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Pakistan, to determine their operational efficiency along the direct
contact membrane distillation system. This study area was selected
because of its favorable solar energy potential, and it is one of the
most predominant methods of obtaining fresh water at a low cost in
the region, which has become more prominent in the regions where
a viable amount of solar energy is accessible for obtaining fresh
water. Figure 3 displays the integration of solar PV/T with the
DCMD system for electricity and freshwater production.

2.2 System simulation procedure

The simulation framework is divided into three phases: The first
phase is to measure the temperature of the hot feed in brackish or
salty water; the second phase is to compute the temperature
difference between the hot and cold phases of the membrane;
and the final phase is to determine the temperature of cold fresh
water. The shown hybrid system in Figure 3 consists mainly of a PV/
T system and a DCMD unit for the dual purpose of water
purification and power production. The PV/T system utilizes
solar energy to heat the working fluid, which is pumped from
the storage tank (A), using brackish water. The brackish water is
heated in a PV/T system, and the resulting change in temperature is
then introduced into the DCMD system. The DCMD system
employs three processes to purify water.
transferred from the feed water to the feed/membrane interface,

Firstly, heat is

crossing the temperature boundary layer. Secondly, the heat is then
transferred from the feed/membrane interface to the membrane/
permeate interface, causing a decrease in the temperature of the
membrane feed. At last, heat is transferred from the membrane/
permeate interface to the permeate side, resulting in a decrease in the
temperature of the membrane permeate to the interface of the bulk
permeate temperature. As a result, the vapor pressure differential
occurs and the temperature gradient is transformed, the increases in
the temperature gradient on time force the vapor molecules across
the membrane pores to travel from the hot phase to the cold phase
resulting in condensation on the permeate side in the form of fresh
water in the storage tank (B). The electrical energy produced by the
PV/T system is used to operate the equipment in the system, such as
pumps. Any surplus energy is then stored in batteries for domestic
use. This stored energy serves as a reserve for domestic use, ensuring
a continuous and reliable power supply even during periods of low
solar irradiation. Figure 4 represents the research work methodology
chart, the chart outlines the methodology followed in the research
work and includes key steps, processes, and relationships considered
in the study. The model considers all essential elements, such as
changes in solar irradiation, feed water temperature at the initial
stages, and membrane surface temperature after the flow stream.
The excess heat that is released by the PV module is absorbed by the
heat exchanger installed in the PV/T system in an effective manner,
which enables the warm-up of the cold saline or brackish water that
is being delivered to the system. After going through the heating
process, the saline or brackish water gained the desired temperature
to enter the DCMD system for further procedure.

The DCMD module operates by receiving a constant flow of
heated saline or brackish water. Simultaneously, the condensation
process is initiated by commencing cold water from the permeate
side of the DCMD module. To move water vapors across the

frontiersin.org


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2024.1344214

Magbool et al.

10.3389/fenrg.2024.1344214

DCMD SYSTEM

O/ pvrRANEL :_ i

o ] p * BVCells : Feed in Permeate [

| |

|

SOLAR | |
ENERGY |

|
: | PTFE Membran

Hot Feed water |

: |
|

Cold |
DC Power . ) |

Feed A 4; : |

water : I

Battery I :

PUMP ' discharge Permeate water o |

I (feed out) (inlet) Freshwater |

PP ey A PO 710 TP PR S|

FIGURE 3

Schematic diagram of the Solar PV/T-DCMD hybrid system.
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Methodology framework.

membrane, there needs to be a difference in temperature between
the feed and permeate surfaces. As a result, there is a difference in
the vapor pressure between the surfaces on the feed side and the
permeate side, which serves to enhance the flow of water vapor.

Frontiers in Energy Research

The divergence generated in water vapor travels over the
membrane due to the temperature gradient, leading to the
condensation process and ultimately resulting in the production
of clean drinkable water. The drinkable water is subsequently
tank, while the brine is

maintained in the permeate

consistently discarded.

3 Mathematical modelling
3.1 Photovoltaic thermal system

Even though there are various PV/T configurations, the type that
is considered for analysis is a flat-plate collector. The principal
configuration of the PV/T collector is shown as a cross-sectional
view in Figure 5, where G represents the solar irradiation incident on
the PV/T flat-plate collector.

The operational efficiency of typical PV cells can be enhanced
by implementing a fluid circulation system underneath the cell
layer. This system facilitates the extraction of heat from the cells,
resulting in a reduction of their operating temperature. As a result,
the electrical efficiency of the cells increases. There are methods to
manipulate the design of such a structure to improve its electrical
or thermal efficiency. A comprehensive evaluation of the proposed
Solar PV/T system was systematically carried out with special
attention to various environmental and climatic factors prevalent
in Pakistan. This comprehensive assessment covers many factors
such as solar radiation levels, and ambient temperature, all of
which play a significant role in determining system performance
and suitability for Pakistan’s environment. The reason for
choosing this site is Pakistan’s significant solar energy potential
and the need for desalination due to limited freshwater resources.
An evaluation of the PV/T system and its performance was
performed using MATLAB software. Table 1 shows the design
parameters that were employed in the PV/T system studies that
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TABLE 1 Specifications of solar PV/T (Hossain et al., 2019).

Solar module type EC61215 (2nd edition)
Short Circuit Current 8.926 A
Open Circuit Voltage 38.194 \4
Maximum Power 257.597 w
Current at Maximum Power 8.416 A
Voltage at Maximum Power 30.606 \%
Weight 12 kg
Dimensions 99.2 x 163.68 cm

have been conducted (Hossain et al., 2019). The PV/T collector is
made up of two essential components: a photovoltaic element that
generates power and a thermal collector that functions as a heat
exchanger. By using energy balance equations, to determine both
the efficiencies (electrical and thermal) of the PV/T module and
the temperatures according to the weather conditions. The PV/T
module with 250 W and 60 cells was selected for the simulation. Its
width and length are 99.2 and 163.68 cm respectively. It derives
analytical expressions for thermal parameters and the thermal
efficiency of a PV/T collector, it is essential to develop energy
balance equations for each individual component of the PV/T
system. By conducting a comprehensive analysis, to determine the
various temperatures within the system based on the fluctuating
ambient conditions, which occur on an hourly basis.

Table 1 provides a point of reference for comprehending the
attributes and capacities of the solar PV/T module used in the
simulation. It assists in understanding the energy balance
equations and thermal characteristics calculated for each part of
the PV/T system, as well as in calculating the temperatures inside
the system under changing environmental circumstances on an
Essentially, these provide a
fundamental comprehension of the technical characteristics of

hourly basis. specifications
the PV/T module, which contributes to the comprehensive
analysis and simulation carried out in the research. PV/T
output temperature for hot water is 55°C, after utilizing the
heat exchanger the hot feed water becomes 40°C and then can
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be supplied to the MD system to meet the energy requirement of
the system (Al-Hrari et al., 2020).

3.2 Energy investigation for PV/T module

The amount of solar energy that is accessible on the PV module
can be determined using Eq. 1. The energy rate included in this
analysis encompasses the cumulative heat dissipation from solar
cells to the surrounding environment, the total heat transfer from
solar cells to the Tedlar back surface, and the rate of electrical energy
(Sobhnamayan et al.,, 2014; Xiao et al., 2019).

acT@ﬂcG=UT (TC_Ta)+Uh (Tc_Ta)+’1cT§ﬁcG (1)

The heat balance equation includes various variables. This
expression calculates the cell temperature of the solar PV/T system.
It considers the effective transmissivity-absorptivity product, ambient
temperature, and the temperatures of the cover and back surface. The
temperature of the solar cells is denoted as 'T.’, while the ambient
temperature is represented by 'T,'. G corresponds to the solar radiation
intensity, 'ac’ characterizes the absorptivity of the solar cell, 'B.'
indicates the packing factor of the solar cell, 'rg’ signifies the
transmissivity of the glass cover, and 'z’ quantifies the electrical
efficiency of the PV module, an equation for calculating the solar
cells’ temperature can be derived from Eq. 2 as follows (Xiao et al., 2019):

Tear = [(@0),;4G + U, Ty + UrTy | [ (U, + Ur) )

Tbs refers to the back surface temperature, and '(at)ef f’
represents the product of effective absorptivity and transmissivity,
which is defined as follows (Naroei et al., 2018):

(“T)eff =Ty [acﬂc + aT(l _ﬁc) _ﬁcrlel] (3)

Eq. 3 quantifies the solar radiation effectively absorbed by the
PV collector, and this is determined through the product of effective
absorptivity and transmissivity. This expression defines the effective
transmissivity-absorptivity product for the solar PV/T system. It
incorporates the transmissivity of the cover, absorptivity of the
cover, the fraction of the absorbed radiation in the cover, the
absorptivity of the PV module, and the efficiency of the electrical
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part. This parameter is crucial for determining the overall efficiency
of the solar collector.

3.3 Energy investigation for tedlar
back surface

Using Eq. 4, to determine the rate at which thermal energy is
transmitted from the tedlar to the water (Sobhnamayan et al., 2014).

Ur (T. - Ty)Ddx = hy(T, - T;)Ddx (4)

The temperature of the tedlar back surface can be calculated
using Eq. 5 as illustrated (Sobhnamayan et al., 2014).

 [hp1 (67) G + Uit T + T

T,
’ (Uyr + hr)

(5)

By substituting the results of Equations 2-5 into Eq. 1, to get an
expression for the rate at which heat is transported to the rear
surface of the tedlar.

3.4 Investigation for water flowing
below tedlar

Using the equation and the boundary condition ' T ¢ = T s, at
x = L/, L is the length of fluid duck can calculate the temperature of
the fluid at the outflow T'f o, (Sobhnamayan et al., 2014).

h 1h 2 ((XT) ffG —bF,ULL
T =T it i S Sl | I el Vel
fout < amb T UL Xp me
(6)
<—bF’ULL>
+T i exp | ———
mC,

Equation 6 expresses the temperature of the fluid outlet from the
solar PV/T system where h;,;, denoted the penalty factor arising
from the inclusion of solar cell material, glass, and the contact
between tedlar and the working fluid.

3.5 Thermal model for PV/T water collector

The calculation for the effective thermal energy rate in a PV/T
water collector is determined as follows in Equations 7-9 (Shi and
Lin, 2019).

Q.= me(Tf,out - Tj,in)

= FRbL[hplhpz (“T)effG_UL(Tf,in _Tu)] (7)
!
FR = mCp 1- exp _bFULL (8)
ULbL mC,

Where 'FR, m, and C p' stand, respectively, for the heat removal
factor, the mass flow rate, and the heat capacity of the fluid.

The thermal efficiency of a photovoltaic/thermal (PV/T) water
collector can be described as follows.

.

Un(T in _Ta
th = M] 9)

|:hplhp2 (“T)eff - G
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The total amount of thermal energy received by the collector
comprises both the sensible heat and any latent heat associated with
phase changes in the fluid (air or water) passing through it. The
amount of solar radiation that reaches the collection is equal to the
amount of energy that the collector absorbs. Since the PV/T water
collector effectively converts solar energy into useable heat, it is a
more efficient and sustainable technology for generating both
electricity and hot water. This is due to its high thermal efficiency.

3.6 Electrical PV/T model

The PV/T system can convert solar irradiance into energy via
the direct use of photovoltaic cells. Accordingly, an electrical model
is used to determine the relationship between ‘output current and
output voltage’ and between ‘output power and output voltage’. The
efficiency of energy conversion of the solar panel was evaluated
based on different parameters. Additionally, the panel surface
temperature and real-time solar radiation intensity (expressed in
watts per square meter) were also recorded. Furthermore, alongside
the ambient temperature, measurements were taken for the
entrance and exit temperature of the water flow, as well as the
water flow rate. The energy conversion efficacy of a solar cell
describes the amount of generated electricity that can be
efficiently utilized and collected. The computational methods are
carried out to precisely determine the photoelectric conversion
efficiency, expressed by a set of defined Equations 10-12 (Flores-
Larsen et al., 2019):

Pmax

Na = AxG (10)
Py=IxV (11)
Ppax = I X Voo X FE = Vi X Ly (12)

The power output of a PV system is measured in watts. The solar
energy that is absorbed by the PV modules is turned into electric
energy as well as thermal energy. However, thermal energy is wasted
via three modes of heat convection, conduction, and radiation.

3.7 Modeling membrane distillation

In DCMD, the adjacent membrane that agrees with the passage of
water vapor, known as the permeate side, is in direct contact with a
stream consisting only of pure water (Maab et al, 2012). DCMD
system uses a membrane module made from polytetrafluoroethylene
(PTFE) flat sheet membranes that have a thickness of 120 um and a
porosity of 80%, which have been designed for use with the DCMD
system. The DCMD module consists of two different flow
compartments, one for the feed solution (saline or brackish water),
and the other for the permeate side. Figure 6 below shows a schematic
representation of the DCMD module, which has two distinct flow
compartments. The dimensions of the DCMD module that was
selected for modeling are 0.7m in length, 0.2 m in width, and
0.001 m in thickness, and it has a mean pore size of 0.12 um.

The aggregate of water vapor that passes through the membrane
per unit area and time, Permeate flux is given by in Eq. 13 and
coefficient for the membrane in Eq. 14 (Khayet, 2011).
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Dm = (T xsém) X (}fcfr) % (R]:[T> (4

where '], is the enter flux (kg/m®), Dm is the distillation
coefficient for the membrane. 'Dm’ is a parameter whose value

is established by the nature of the mass transfer process occurring
inside membrane pore spaces. Vapor pressure in the feed, denoted
by 'Py," and vapor pressure in the permeate, denoted by 'Pj,’. The
Antoine equation, which is used to calculate vapor pressures, is
expressed in Equations 15, 16 (Khayet, 2011).

. 3841
Py = exp((23.328) Tmf—45) (15)
. 3841

P} = exp < (23.328) Tmp - 45> (16)

where the temperatures Ty’ and 'T,,’ denote the surface
temperatures of the membrane on the feed and permeate sides,
respectively in Equations 17, 18 (Khayet, 2011).

"Tys" and 'Typ' can be found by using the following equations:

k*(Top + (Mg /1y )*Tos ) + (8 (h*Tos — Jw*AH,)))
() + (g (80 + (ko 1))

Tpy
(17)
km*(Thf + (hp/hf)*pr) + (((Sm*(hp*TbP + ]m*AHV)))
(k) + (i (o ()

Tpp =
(18)

Where 'hy !, is the heat transfer coefficient in the feed and h, and
hf can be found out from Eq. 19 respectively (Martinez-Di
et al., 1999).

p o (Nuxk)

Dh (19)
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TABLE 2 Characteristics of the DCMD membrane system.

Values to be used

Membrane properties
Membrane Category Straight sheet

Membrane material Polytetrafluoroethylene (PTFE)

Length, Width, Thickness 0.7, 0.2, 0.001 m (Soomro and Kim, 2018a)

Effective membrane area 0.14 m? (Soomro and Kim, 2018b)

Om 120 (um) (Dong et al., 2017)
3 91 (%) (Dow et al,, 2016)

T 1.098

Kn 0.20 (W/m °C)

where ‘K, ‘Dy’, and ‘N, stand in for the mean conduction of the
liquid, the hydraulic length conduction path, and the Nusselt
number, respectively. In an experimental setup, the direct

measurement of T, ¢’

and 'T,,,’ is unfeasible. Consequently,
these temperatures are often determined by the execution of a
heat balance, which establishes their correlation with the bulk
temperatures. The determination of 'T',¢' and 'T,," involves
the analysis of coefficients of heat transfer inside the fluid
boundary levels of the membrane (Maab et al, 2012). This
approach was based on the characteristics of the membrane as
well as the operating conditions listed in Table 2. The DCMD system
is designed so that the permeate flux is driven by the difference in
vapor pressure across the membrane, which is generated when a
temperature difference exists between the permeate compartment
and the feed compartment. Due to the difference in vapor pressure,
water molecules are driven through the membrane, while the
hydrophobic nature of the membrane prevents liquid water
molecules 'K,,' is the thermal

from passing through.
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Heat transfer mechanisms involved in Membrane Desalination (Soomro and Kim, 2018b).

conductivity of the membrane, the vaporization enthalpy is denoted
by 'AHv', the bulk feed temperature is denoted by 'Ty', the
permeate heat transfer coefficient is denoted by 'h,’, the bulk
permeate temperature is denoted by 'T},’, and the membrane
thickness is denoted by '8,,’. The earlier research contains the
in-depth mathematical model that was used in the investigation of
the DCMD system (Luo and Lior, 2016; Baghbanzadeh et al., 2017).

DCMD utilizes
freshwater from saltwater water. The DCMD membrane system

temperature variations to differentiate
uses hydrophobic membranes to repel liquid water while allowing
vapor passage, thermal gradients for evaporation and
condensation, direct contact between saline and freshwater
streams to improve heat and mass transfer efficiency, low
pressures for energy savings, scalability for diverse applications,
brackish water treatment, and moderate temperature operation.
The disk and frame type membrane module used in the DCMD
system consists of multiple membrane sheets stacked together with
alternating feed and permeate flow compartments. The feed
mixture flows through the feed compartments, while the
permeate vapor flows through the permeate compartments and
is condensed to produce the product water. The flat-sheet
hydrophobic membrane allows only water vapor to cross
through it, while rejecting salt and other impurities, resulting in
high-quality product water.

The Nusselt numbers for the feed side and permeate side are
calculated using Equations 20, 21 for laminar flow (Re 2100), (Dow
et al.,, 2016).

0.14
Nuy = 0.027(Re; )" (Pry)" (?) (20)
s
0.14
Nuy, = 0.027(Re,)"*(Pr, ) (:ﬁ) (21)
mp

Where 'Res’ is the Reynolds numbers of the feedwater and
'Re,’ is the Reynolds numbers at the permeate side are expressed in
!

Eq. 22 (Iversen et al, 1997), and similarly 'Pr;" and 'Pr,’ are
Prandtl number on the feed side and permeate side in Equation 23

(Iversen et al., 1997).
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Re = PP 22)
u
#Cy
pr =¥ 23
r= (23)

Where, 'y’ is dynamic viscosity, 'y’ is flowing velocity, 'p’ is the
fluid density, 'Cp’ is the specific heat capacity simultaneously at the
feed side of the membrane and permeate side of the membrane, and
'Dy’ is the hydraulic diameter of the flow channel.

3.8 Heat transfer

In the DCMD process, several heat transfer processes take place
concurrently in three distinct regions: first, hotness transfer
crossways the feed boundary layer in the form of convective,
second, heat transfer across the film in the form of conductive,
and final heat transfer across the permeate boundary layer in the
form of convective, as shown in Figure 7. The heat transport
processes, along with mathematical equations for each respective
domain, can be briefly indicated as follows (Soomro et al., 2020).

Effective heat transfer processes are the backbone of membrane
desalination, which efficiently produces freshwater. One of them is
conduction, which occurs when temperature gradients cause heat to
transfer across a membrane. The process of convection affects the
distribution of temperatures because it includes the transfer of heat
when fluids flow over a membrane. Radiation affects temperature
gradients by transferring heat via electromagnetic waves. Another
important factor in desalination is the latent heat of vaporization,
which necessitates effective heat transfer to transition from a liquid
to a vapor. To improve desalination efficiency, it is necessary to
optimize these mechanisms. The process of heat transfer via the feed
side is carried out by convection is expressed in Equation 24
(Soomro and Kim, 2018b).

Qs =hy x (Tyy = Toy) (24)

The 'Qy' that reflects heat transfer relates to feed. The
convective heat transmit amount for the feed is symbolized as
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'hs', and can be determined using several associations depending
on the stream pattern, whether laminar or turbulent (Khalifa et al.,
2017). The convective heat transfer amount for the feed, relates to
the convective heat transfer coefficient for the feed, The 'hj',
coefficient can be determined based on the flow pattern (laminar or
turbulent). The two main processes contributing to heat transfer
across a membrane are conduction through the membrane
material and evaporation of latent heat due to water molecules
evaporating over the membrane. Two distinct processes are
responsible for the transfer of heat across a membrane: the first
is the conduction of heat through the material of the membrane,
and the second is the evaporation of latent heat because of water
molecules evaporating over the membrane.

The evaporative heat relocation 'Q,’, can be computed
expressed in Eq. 25 (Soomro and Kim, 2018b):

Qv = ]m XAHV (25)

The symbol 'AHV' represents the enthalpy of vaporization of
water, which is expressed in Eq. 26 (Yun et al., 2006).

AH, = ((1.7535 x T, ) +2024.3) (26)

The determination of conductive heat transport across the
membrane is achieved by applying the Fourier law of conduction
expressed in Eq. 27 (Khalifa et al., 2017).

Qc = hm X (Tmf - Tmp) (27)

The "hm' denotes the constant of the membrane, defined in Eq.
28 (Soomro and Kim, 2018b)

(28)

where 'k,,’ signifies the thermal conductivity. The entire thermal
energy that moves across the membrane can be defined in Eq. 29
(Soomro and Kim, 2018b).

Qn=Q+Q (29)

The convective heat transfer is represented in Eq. 30 (Soomro
and Kim, 2018Db):

Qp = hp X (Toup = Thp) (30)

The expression for the entire warm transference through the
DCMD system under steady-state circumstances is given in Eq. 31
(Soomro and Kim, 2018b).

Q=Qr=Qu=Q (31)

'Q’ is the entire warm transference in the DCMD system in terms
of feed, permeate and membrane side. 'Q;’ is total heat transfer
can be calculated using the Eq. 32 (Soomro and Kim, 2018b).

Qt =U x (be - pr) (32)

where 'U’ is the overall heat transfer coefficient and can be

determined by applying the Eq. 33 defined as (Manawi et al., 2014):

U = ! +—1 + ! (33)
5. [k im xAH, T
hf (a) + i"mfx—Tmp h
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By using the MATLAB software to solve equations relating to
energy balance, mass, and heat transfer, the performance assessment
of the PV/T-DCMD system was carried out. Both the feed and
permeate flows in the DCMD system were constantly moving in
opposing directions. The temperature of the saline water and the
temperature of the reference condenser water impacted the feed
temperature.

To simulate and predict the 'T,¢' and 'T,,,’ a numerical
iterative technique was adopted. Initially, the T}y and T,
were assumed to represent the values for 'Ty,;' and T’
respectively. Figure 8 shows the comprehensive numerical
iterative Scheme. Following the determination of 'T,,' and
"Tynp', further parameters such as 'Q,’, 'U’, and TPC was obtained.

4 Model validation

Implementation of PV/T system with DCMD has not been
investigated, we have had to validate PV/T and DCMD separately.
In comparison to a water-based PV/T system with a mass stream
rate of 0.023 kg/s, this study achieved improved thermal and electric
efficiencies. The thermal efficiency reached 55.60%, and the
electrical efficiency rose to 11.2%, surpassing the previously
reported values of 51.53% and 10.2%, respectively. These
advancements were observed under specific conditions 40°C on
the feed side and 20°C on the permeate side. Particularly, the
difference in permeate fluxes increased by 6.7%, as determined
through simulation work conducted by Soomro and Kim
(2018b), and by 9.8% with an experimental study by Gustafson
(Gustafson et al, 2016). On flow rate of 1.1 L per minute, the
permeate flux of simulation work is 7.3kg/m’. hr and
experimental work 7.1 kg/m”hr while in this study the permeate
flux is 7.5 kg/m*hr at 10:30 a.m. As Figure 9 shows in the increased
permeate flux proves a significant advancement.

The results of this study highlight the benefits of a DCMD
system’s integration with a PV/T system, indicating increased
efficiency and potential outcomes for future efforts.

5 Results and discussion

The current study presents implementation evaluations of the
integration of a PV/T system with a DCMD system. Analysis of the
PV/T system with integrated DCMD system for freshwater
production and electricity generation has been discussed.

5.1 Performance investigation of PV/
T system

Solar irradiance and ambient temperature have important roles in
how effectively PV/T performs. To evaluate the PV/T water system’s
heat transfer characteristics and thermal efficiency, energy balance
equations were solved for each component. The Jamshoro, Pakistan
region has been selected to test the performance of the Solar PV/T
model. The weather station at MUET, Jamshoro, has recorded
temperatures for the whole month of August 2023. From April to
August, Jamshoro receives a maximum of 1,000 w/m®> of solar
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Iterative numerical scheme for DCMD system.

radiation, while the average figure for the rest of the year is about
722 W/m®. By investigating the change in energy characteristics as a
function of solar irradiation, cell temperature, and water flow rate, it
has been established which of these components has the most
influence on the PV/T system’s energy output. Table 3 shows the
design data and climate data from the Jamshoro weather station that
were utilized to assess the water temperature and cell temperature.
The system can generate freshwater with a modest amount of power
input. Freshwater can also be produced in rural and distant places
with this technology, which is particularly useful considering the
scarcity of potable water in those places.

The effects of solar irradiance and ambient temperature are
crucial for a PV/T system’s performance. Solar irradiation varies
hourly, reaching its highest point at noon, and this change greatly
influences the system’s performance. Both the photovoltaic and
thermal efficiencies are impacted by the ambient temperature. At
very high temperatures, energy production is reduced, while the
thermal component benefits from maintaining a temperature
gradient. For the PV/T system to be designed, operated, and
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controlled in a way that maximizes efficiency and dependability
under a wide range of climatic circumstances.

5.2 Hourly fluctuations of PV/T on different
parameters with different flow rate

The hourly variations of multiple parameters in a PV/T system are
evaluated based on varying mass flow rates of 1, 1.5, 2, 3,4, and 5 L per
minute as shown in Figure 10. Because the temperature of the solar cell
is higher than that of the water used for purification, there is an
increase of about 20°C in the fluid’s input temperature in comparison
to temperature of the close circumstances. The mass stream rate of
water and the efficiency of the thermal absorber induce a significant
drop in temperature in PV/T cells. The temperature of the PV/T cell
decreases as cosmological energy grows. Figure 10A depicts the high
PV/T water inlet/outlet temperature differential (10°C) at the 1.0 LPM
flow rate. sunlight, ambient temperature, flow rate, and system layout
are the key factors that affect the hourly variations in PV/T systems.
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Power generation and thermal energy output are both improved by
exposure to high levels of solar radiation. Although thermal efficiency
could improve because of steeper temperature gradients, PV cell
efficiency could decline as ambient temperatures rise. The efficiency
of thermal energy extraction is greatly affected by the temperature
differential between the heat transfer fluid and the PV cells. A system’s
performance is greatly affected by its design, which includes the type of
collector, the arrangement of PV cells, and the material selection.

It is evident solar cell temperature is greater than the water
temperature and there is an increase in water temperature of nearly
15°C pertaining to an ambient. As can be observed in Figure 10B, in the
PV/T system the water entering and leaving temperature differential is
significant (8.5°C) when the flow rate is 1.5 L per minute. The solar cell
temperature is greater than the water temperature and there is an
evident increase in water temperature approaching 10°C above the
ambient temperature. According to the results in Figure 10C we
observe that the PV/T water entering and leaving temperature
differential is moderate when the flow rate is set at 2.0L per
minute. The solar cell temperature is greater than the water
temperature and an increase in water temperature of approaching
4°C respecting the ambient temperature. Figure 10D illustrates that the
PV/T water input and exit temperature differential is 4°C when the
flow rate is 3.0 L per minute. The solar cell temperature is greater than
the water temperature and an increase in water temperature of around
2.5°C respecting an ambient. Figure 10E shows that the temperature

TABLE 3 Solar irradiance and ambient temperature.

10.3389/fenrg.2024.1344214

differential between the incoming and the outflow PV/T water is just
2°C at a flow rate of 4.0 L per minute and when the flow rate was
adjusted on 5 L per minute the inlet and outlet temperature difference
was less than 1°C and the outlet water temperature become equal or
less than ambient temperature as shown in Figure 10F. These results
show that the single solar PV/T system declines the performance of the
DCMD system when the flow rate is increased. Comparing the input
and exit temperatures of the PV/T system at varying mass flow rates,
we observed that the temperature difference was increasing at low mass
flow rates and decreasing at high flow rates. All the graphs illustrate
that the output water temperature decreases as the flow rate increases.
Therefore, it is suggested that a flow rate between 1 and 2 L per minute
will be used to deliver warm water to the DCMD system to enhance the
distillation process. If the flow rate is further increased from 4 L per
minute to 5 or 6 L per minute on a single solar PV/T system the
performance efficiency drops, and the temperature difference between
the inlet and to outlet becomes equal which highly affects the
evaporation efficiency of DCMD system. In other words, the warm
water may not spend enough time interacting with the membrane
in the DCMD system, impacting the -effectiveness of the
evaporation process.

5.3 Effect of water flow rate on the thermal
performance of PV/T

The thermal performance of a PV/T system can be significantly
influenced by the rate of water flow. PV/T systems integrate PV and
solar thermal components to simultaneously produce electrical
energy and heat. The water flow rate, particularly in relation to
the heat transfer fluid’s circulation within the system, has a
significant impact on thermal performance through numerous
factors. The thermal performance of a PV/T system is greatly
affected by the water flow rate, finding the ideal flow rate is
critical for balancing the advantages of greater flow rates such as
improved thermal efficiency and protection of PV cells from
overheating with issues like energy consumption and
environmental impact. For each PV/T application, system
designers usually do extensive simulations and analysis to find
the optimal water flow rate. The appropriate water flow rate can
change depending on the characteristics of the environment and the
seasons. When it comes to selecting the most appropriate flow rate,
system researchers need to take into consideration a variety of
aspects, including the ambient temperature, the amounts of solar
radiation, and the specific requirements of the project.

As depict from Figure 11, temperature of the water that is
discharged steadily decreases as the volume of water that is flowing
through the system increases. Increasing the flow rate from 1 to 2 L
per minute results in a hotter water supply while simultaneously

enhancing efficiency.

Time (h) 10:00 10:30 11:00 11:30 12:00 12:30 13:00 13:30 14:00 14:30 15:00 15:30 16:00
Tamp (C) 32 325 34 345 36 36.5 37 37.5 38 385 40 42 41
G (W/m?) 754 810 870 900 ‘ 915 ‘ 930 ‘ 960 ‘ 965 905 870 830 770 715

Frontiers in Energy Research

frontiersin.org


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2024.1344214

Magbool et al.

10.3389/fenrg.2024.1344214

A
=B=Tcell =¢Temp diff =A=Tamb Tfout =#=G (W/m2)
70 1000
60 950 -
“ 900 E
Q 850
$ 800 E’
% 40 g
2 750 §
£ = 700 E
g 20 650 E
2 S
S0 o " . 600 3
S 550
0 500
S 9 2 = BB LW E RO QO
o] w =] w (=) w o w o w [ w (=)
o o o o o o o o o o o o o
Time in hours
C
=@-Tcell ==Temp diff =#=Tamb Tfout —e—G (W/m2)
70 1000
60 950 P
900 ‘5
w 50 =
2 850 E
40 800 E
= 750 =
£ 30 700 F
2 &~
£20 650 =
@ _
= 600 2
£10 @«
& 550
0 500
o O o o <o o o o o < [ —
S B B~ L T~ T ¢ T
[ — - e N o o T T w, o u N\
— — — — — — — — — v— — - —
Time in hours
E
~@-Tcell —+Temp diff =a—=Tamb Tfout —e=G(W/m2)
70 1000
95
60 0 ~
900 E
ESO 850 2
&40 9 g
= 750 =
30 =
E 00 3
£20 650 =
“ —
= 600 =
£10 w
= 550
0 500
E2 8 E8R 8K I 8K
S ggaoaa3x=xany
Time in hours
FIGURE 10

B
=@=Tcell =»=Temp diff =f=Tamb Tfout ==G (W/m2)
70 1000
60 950 _
900 NE
v 50 =
2 850 E
£.40 08
= 750 &
g 30 700 g
2 4
£20 650 P
@ —
2 600 2
£10 4
& > ¢ 550
0 500
o O O O © O O O O 9O ©°O 9O ©
2 0 e n e 0 o e 0 < O
S E 88 a8 @8
D Time in hours
~@=Tcell =+Temp diff =#=Tamb Tfout =e=G(W/m2)
70 1000
5
60 i o~
900 %
< 50 850 E
2. 800 =
g 750
@ 30 L]
5 700 é
£20 650 =
@ -
E—lo 600 2
= 550
0 500
S O (=3 S o S S © o © o <o (=3
SO NS N 2N e N e N
S S o228 988809y
Time in hours
F
=@=Tcell =Temp diff —aA—Tamb Tfout —e=G (W/m2)
70 1000
60 950 =
900 ‘g
SRl 850 2
. g
£ 40 P 300 2
2 ettt 750 %
230 700 E
E &~
2 600 S
g10 550
& 5
0 500
[=3 o OO O O o o o o o o <o
S N e N e N N e N e N
S ECEafdEE 3B EE

Time in hours

Variations in PV/T parameters on different flow rates observed in the daytime. (A) Daily dynamics of PV/T on 1 LPM; (B) Daily dynamics of PV/T on 1.5
LPM; (C) Daily dynamics of PV/T on 2 LPM; (D) Daily dynamics of PV/T on 3 LPM; (E) Daily dynamics of PV/T on 4 LPM; (F) Daily dynamics of PV/T on 5 LPM.

5.4 Effect of PV/T efficiencies on different
mass flow rates

The improvement of thermal efficiency can be achieved by
raising the flow rate which mitigates the temperature increase in
the PV/T accumulator to affect the execution of the DCMD
system. If the flow rate is too low, the PV/T system overheats,
reducing both thermal and electrical efficiency. If the flow rate is
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too high, it does not allow sufficient heat transfer time within the
PV/T system. The electrical efficiency of PV/T systems improved
when the stream rate was improved from 1 to 4 L per minute. As
such, finding the right balance through flow rate adjustment is
crucial for maximizing the overall system efficiency of the
integrated system because membrane distillation needs warmer
water at continuous intervals to increase freshwater production.
The performance of solar PV/T systems on distinct flow rates is
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Influence of flow rate on PV/T efficiencies.

shown in Figure 12. There are many different aspects to consider
while analyzing the impact that PV/T efficiencies have on various
mass flow rates. To obtain the highest possible level of overall
efficiency for the system, it is necessary to strike a balance between
the system’s thermal and electrical performance. The researcher of
the system makes use of simulations and studies to ascertain the
mass flow rate that is most efficient in accordance with the needs of
the system and the circumstances of the environment.

In PV/T-DCMD integrated systems, achieving optimum system
efficiency is of greatest significance, which requires flow rate
modifications to be made with a careful balance in consideration.
This is especially important for membrane distillation, which may
increase its output of freshwater by taking advantage of
intermittently rising water temperatures at regular intervals based
on the changes in solar radiation.

5.5 Energy evaluation for the DCMD system

Evaporation efficiency (EE) and specific thermal energy
consumption (STEC) intake were researched and contrasted
with one another with the intent of evaluating the DCMD
system’s overall energy efficiency. The Eq. 34 that is described
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Effect of PV/T outlet water temperature on EE and STEC.

and provided below represents an approach that can be used to
calculate the EE: (Khalifa et al., 2015).

EE (%) = [ jm X H (34)

—Im= " %100
U(Tes - pr)] x

Feed temperature was increased from 36°C to 48°C in 4°C
increments while all other operational parameters remained
constant. The effect of feed temperature on EE is evident in
Figure 13. The EE increased from 35.08% to 42.01% when the
feed temperature was raised from 30°C to 45°C. Evaporation
efficiency improves when feed temperature rises because of the
larger temperature difference between the input and
output fluids.

In addition, the STEC for producing freshwater varies with the
temperature of the feed water. The source of STEC is is expressed in

Eq. 35 (Soomro et al., 2022).

crae L8) <)

35
1000 (35)

Figure 13 indicates the influence of feed temperature on
STEC. As input temperature increased from 30°C to 45°C,
STEC dropped significantly from 1,192 kWh/m® to 1,386 kWh/
m®. The STEC of the DCMD system dropped because the
permeate flow increased in proportion to the rise in feed
temperature. It has been observed that increasing the feed
water temperature increased EE and decreased STEC when the
temperature was increased. It can therefore be concluded that
DCMD is more efficient when feed temperature is higher, due to
the increase in efficiency. The observed patterns indicate a direct
relationship between the temperature of the feed water, the EE,
and STEC. Increasing the temperature of the feed water not only
improves the efficiency of evaporation but also reduces the
amount of thermal energy used per unit of output. Hence, the
system exhibits greater efficiency with elevated feed water
temperatures. This finding is significant for adjusting the
operating parameters of the DCMD system to get greater
efficiency and performance in freshwater production.
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5.6 Influence of flow rate on permeate flux

In general, the permeate flux rises with the rise in the feed stream
rate. To examine the effect of feed flow rate on permeating flux, the
flow rate of the feed varied between 1 and 4 L per minute in this
study. We observed that when the flow rate of the PV/T system was
increased from 1 to 4 L per minute, the permeate flux started to
decrease because the temperature from the PV/T system decreased
as depicted in Figure 14. The rise in feed stream rate led to a decrease
in permeate flux, because of the increased velocity of flow rate, which
directly impacted the thermodynamic properties of the integrated
system. We observed an increase in the feed flow rate from 1 to 4L
per minute corresponding to an increase in the permeate flux from
12.44 to 6.6 kg/m” h.

The increase in feed flow rate results in enhanced hydrodynamic
properties of the flow, hence leading to an elevation in permeate flux.
When comparing the impacts of feed temperature and feed flow rate,
it becomes evident that feed temperature has a greater impact on
permeate flux compared to the feed flow rate.

5.7 Freshwater production

The main objective of this research is to develop a DCMD
system for producing fresh water from the low-grade waste heat of a
PV/T system. Estimates of the DCMD system’s freshwater output
can be derived from Eq. 36 (Soomro and Kim, 2018b):

p

There is a direct relationship between fluctuations in the amount

(36)

of solar power an incoming DCMD condenser receives, and the
volume of cooling water used in the DCMD condenser, which in
turn influences the output of the water production process. With a
feed temperature of 40°C, a permeate temperature of 20°C, and a feed
flow rate of from 1L per minute to 4 L per minute, the DCMD
system integrated with the solar PV/T system produced freshwater
for domestic purpose usage, However, in August, freshwater output
was 151.39 L per day. According to the results of this study, the
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temperature of the feed water is the main variable that affects the
amount of freshwater that is produced by the DCMD system as well
as the amount of wastewater rejection.

6 Conclusion

This study analyzes and assesses a solar photovoltaic thermal
system integrated with the direct contact membrane distillation
mechanism, particularly designed for the climatic circumstances of
Jamshoro Pakistan. The maximum solar radiation of Jamshoro was
recorded at 960 W/m’, while the electrical power achieved a peak
of 214 W during the hour of highest solar energy. The simulation
results of the developed model reveal that for every 50 W/m*
increase in solar irradiation level, where photovoltaic thermal
power output escalates by 16.32 W, while electrical efficiency
reduces from 15.5% to 12.04%. The maximum cell temperature
of the PV/T system is recorded at 55.23°C when the flow rate is
adjusted to 2 L per minute. It is noteworthy that for every 1°C
increase in cell temperature, there is a subsequent increase in the
photovoltaic output power leading to an increase in efficiency. The
outlet water temperature decreases gradually with increasing water
flow rate. Increasing the feed temperature results in a significant
boost to the permeate flow and the increase in transmembrane
temperature differential is the main driver in direct contact
membrane distillation. The feed temperature has improved
from 390C to 45°C, and the evaporation efficiency increased
from 39.13% to 48.01%, respectively while the specific thermal
energy consumption of the system has reduced considerably from
1,189.13 kWh/m® to 1,389.49 kWh/m® respectively. As the feed
flow rate was increased from 1 L per minute to 4 L per minute, the
permeate flux decreased from 12.5kg/m>h to 6.5 kg/m*h. The
freshwater production by the proposed system, so far, is estimated
up to 151.39 L per day.

7 Future work and recommendations

Future work should concentrate on refining the integrated PV/T
system with DCMD by exploring novel materials and designs to
boost efficiency. Emphasis should be placed on developing
sophisticated control algorithms for seamless integration of
variable solar PV power with DCMD operations.

The study recommends widespread adoption of integrated PV/T
systems with DCMD to effectively address global challenges of
power and freshwater scarcity, offering a dual solution for
sustainable energy generation and freshwater production.
Implementation of this integrated technology has the potential to
make substantial contributions towards a more resilient and
environmentally conscious future.
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