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Abstract: Among the most notable emerging hybrid technologies for water treatment are those that
combine reverse osmosis (RO) membrane systems with alternative energy sources such as solar
photovoltaic (PV). Solar PV modules can enable systems disconnected from the electricity grid, and
in some locations can also be used for water heating as photovoltaic-thermal (PVT) units, a process in
which water removes heat from the PV module, increasing its electrical generation efficiency. When
combined with RO, the higher temperature feed water can increase RO permeate flux, improving
recovery but decreasing the rejection of dissolved salts. Although the decrease in efficiency of PV
modules at higher temperatures is a well-known issue, this is usually under conditions of uniform
temperature. However, the temperature distribution in water-cooled PV modules is usually not
uniform and, given the anisotropy of the distribution and electrical connection of the PV cells in the
module, this factor has not been the focus of much study. In this context, a PVT unit that focuses
on increasing the output water temperature with a high global heat transfer coefficient will not
necessarily be the most electrically efficient system. This study experimentally assesses several
proposed heat-exchange configurations for PVT systems where the PV modules are cooled by forced
convective water flow. A simulation model of PVT performance is then validated and used to
predict the productivity of the PVT-RO coupling, both in terms of electrical generation and permeate
flux of the hybrid system under different conditions. The results suggest that water-cooled PV
modules have several potential applications for off-grid and remote water treatment, as well as water
transportation systems.

Keywords: solar energy; PV modules; reverse osmosis; solar desalination; PVT

1. Introduction

In response to growing concerns about the impact of climate change on vital resources,
experts have proposed the concept of a water—energy-food security nexus, which is one of
the most accepted ways to understand and approach sustainable development [1]. This
concept, first introduced at the 2008 World Economic Forum, states that there is an inherent
interconnection between these three sectors (water, energy and food), and therefore the
actions taken in one of them can have an effect in one or both other sectors [2]. One of the
most promising technologies that fall under this framework is renewable energy-powered
reverse osmosis (RO) for water desalination. RO can provide fresh water year-round by
using alternative water sources, such as seawater or brackish water, helping mitigate the
water scarcity problem [3]. However, energy consumption is the main cost driver for RO,
representing 44% of operating costs. Large energy requirements coupled with high energy
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prices raise the cost of RO product water [4], making this process economically unfeasible
for many low-income regions.

To reduce the problem of high RO costs, much research has focused on coupling
RO desalination plants to different types of renewable energy, such as solar photovoltaic
(PV), wind, ocean wave power or hybrid systems [5,6]. Since arid regions experiencing
water stress are commonly located in dry climate regions that present high levels of
solar irradiation, solar power generation seems a logical technology for this application.
Accordingly, solar PV is the most commonly used renewable energy for RO, mainly due to
the technical and economic advantages of its installation [7]. For example, Rezk et al. [8]
operated a 150 m® d~! RO desalination plant powered by solar PV and self-charging fuel
cells. They found a 70% cost reduction in comparison with a diesel generation system.
Elmaadawy et al. [9] designed a renewable energy system to operate a seawater RO
desalination plant powered by photovoltaic-wind-diesel energy and found a 61% net
present cost reduction. Mostafaeipour et al. [10] tested and proposed a novel brackish
water RO desalination system powered by photovoltaic energy, and found a 21% product
water cost reduction. Hence, given recent capital cost reductions for renewable energy
and the ability to operate RO systems when energy is available, powering RO desalination
plants with renewable energy is likely to decrease operating costs significantly, producing
low-cost water for human usage with near-zero emissions.

Although solar PV modules can transform radiant energy from the sun into electricity,
their efficiency is relatively low (usually less than 20%), and it decreases with increasing
temperature [11]. As a “rule of thumb”, it has been estimated that a solar PV module
loses 0.5% of efficiency for each 1 °C increase in temperature [12,13]. Research has been
conducted to identify other conditions that may also reduce the efficiency of PV modules,
such as non-uniform illumination [14,15] and non-uniform temperature distribution over
the module surface, which causes current mismatch and could lead to permanent structural
damage due to thermal tensions [16].

Many researchers have obtained positive results by implementing passive and active
cooling technologies on PV modules. Siecker et al. [13] provide a comparison between
different cooling methods (both active and passive) in terms of minimising the effects of
increasing temperature, while trying to improve the performance of PV modules. Active
cooling methods usually refer to forced convection, where a cooling fluid is driven by a
pump or blower which requires additional energy to operate. On the other hand, passive
cooling refers to natural convection, where the flow of cooling fluid is driven by density
gradients caused by a temperature difference, so they do not require additional energy
to operate. A hybrid solar photovoltaic-thermal (PVT) module cooled by forced water
circulation is a common example of active cooling, in which water enters and exits the
module at defined locations. These systems have the dual objective of electricity production
and water heating. The positions of the inlets and outlets influence the fluid flow inside
the heat exchanger, and this is commonly controlled by fixing the flow channels in the heat
exchanger design [13,17].

Research shows that the overall energy (thermal + electrical) efficiency of a PV module
can be increased to 40% if it is cooled in a PVT arrangement [18]. For PV-RO coupling
purposes, the PVT system stands out as one of the best options. It usually consists of a
heat exchanger mounted on the back of the PV module, through which a cooling fluid
is circulated, removing heat from the silicon cells of the PV module and increasing their
electrical generation. This is convenient for PV-RO coupling for two reasons: (a) the RO
feed water (e.g., seawater or brackish water) can be used as the circulating fluid, increasing
its temperature; (b) the higher temperature feed water can increase RO permeate flux,
improving recovery, and therefore generating more product water for a given membrane
area, albeit decreasing the rejection of dissolved salts [19]. At the time of writing, there is
only one study reporting a RO desalination plant operated with PVT cooling, finding an
increased efficiency for PVT due to cooling and fewer required modules [20].
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Although the decrease in the efficiency of PV modules at higher temperatures is a
well-known issue, this has traditionally been investigated under conditions of uniform
temperature. However, temperature distribution in water-cooled PV modules is usually
not uniform [16] and, given the anisotropy of the distribution and electrical connection
of the PV cells in the module, this factor has not been the focus of much study and is
not well understood. In this context, a PVT unit that focuses on increasing the output
water temperature with a high global heat transfer coefficient will not necessarily be the
most electrically efficient system. Given that important efforts are currently underway to
power RO desalination plants with renewable energy, and that increasing the solar energy
efficiency of PVT modules is desirable, this study experimentally assesses several proposed
heat-exchange configurations for PVT systems where the PV modules are actively cooled by
forced convective water flow. Emphasis is made on understanding the flow characteristics
that lead to better temperature distribution and larger efficiency gains compared to modules
without active cooling. A simulation model of PVT performance is then validated and used
to predict the productivity of the PVT-RO coupling, both in terms of electrical generation
and permeate flux of the hybrid system under different conditions. The RO simulation
assumes a 1D non-isothermal model which calculates the variation in water properties
(i.e., density and viscosity based on concentration, pressure, and temperature) along
with the membrane permeance at different operating temperatures to predict permeate
production. Hence, this paper presents the first study of a RO desalination system operated
with PVT cooling which considers the effect of varying temperature at the RO feed. The
insights gained are applicable for environmental conditions with high solar irradiation,
high ambient temperature and low humidity, such as those in northwest Mexico.

2. Materials and Methods

A PVT module was designed and constructed, incorporating 16 fluid inlets/outlets
at distinct locations on the back of the PV module (functioning as a heat exchanger),
which are used for cooling via forced convection with water as the cooling fluid. Forced
convection (as opposed to natural convection) is selected as the cooling strategy because
RO systems already require a pumping system for their operation, so implementing this
strategy does not require additional pumping equipment. Nonetheless, forced convection
does involve an increase in pressure losses within the heat exchanger on the back of the PV
module, which in turn requires more pumping energy. There is therefore a trade-off when
implementing forced convection as the active cooling method, i.e., between the additional
energy generated from the PV efficiency increase and the additional energy consumption
due to pressure losses.

Experimental data is collected by measuring the electrical and thermal performance
of the PVT module under two different flow rates (1 and 2 L min~!) and 11 different
inlet/outlet heat exchange configurations as described in Appendix A. The collected data
is used to validate a numerical model, which is then used to predict the daily water
production of a PVT-RO plant under different combinations of flow rate and heat exchange
configuration, for distinct weather conditions. Detailed explanations of the experimental
and numerical methods employed are described in the following sections.

2.1. Characterisation of the PV Module

Commercial PV modules (AXITEC AC-270-P polycrystalline cells) were used for the
experimental tests. Table 1 shows the technical specifications for these modules, according
to the manufacturer, at standard test conditions (1000 W m~2 solar irradiation and 25 °Q).
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Table 1. Electrical generation properties for the AXITEC AC-270-P modules at standard test conditions.

Parameter Value Units
Rated power 270 4
Rated voltage 31.12 \%
Rated current 8.71 A
Short circuit current (I..) 9.25 A
Open circuit voltage (Vo) 38.21 \%
Efficiency (1) 16.60 Y%
Fill factor (Ff) 0.766 -
Dimensions 1640 x 992 x 35 mm
Effective area (Apy) 1.47 m?
Operating temperature —40to 85 °C

The configuration of the PV cells in the module is distributed in 3 groups of 20 cells
connected in series. Each group is formed by two columns of 10 cells in series, and the
groups are connected in series with each other by means of diodes. This forms a rectangular
arrangement of 6 x 10 cells in the panel, as shown in Figure 1. The arrangement of the
PV cells is a characteristic that impacts how cooling may affect any efficiency increases,
this due to the dependence of electricity generation between the groups. The group with
the cell or cells with highest resistance (due to a higher temperature) may activate the
bypass diode and will limit the amount of energy produced by the array. Hence, if there is
a large temperature gradient, it should theoretically affect the least number of groups if it
is aligned with the groups (i.e., in the horizontal direction).

L1 L1 _
™~ ™~

Figure 1. Arrangement of PV cells in PV module.

The solar modules are electrically characterised by running a power output test under
different electric charging conditions, through the capacitor charging method for an I-V
curve tracer [21], as depicted in Figure 2.

This test consists of connecting the PV module to a large capacitor C with a Switch
(SW1) and to two sensor probes (A, V), both connected to an oscilloscope. The capacitor is
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then discharged through a large resistor R by activating SW; and disconnecting SWy. This
cycle is repeated several times for statistical analysis. The data collected from this test are
then used to trace the characteristic I-V curve for the PV module. This characterisation was
conducted at a solar irradiation value of 1000 W m~2 and an average module temperature
of 59.2 °C.

Photovoltaic module
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Figure 2. PV Module I-V curve extraction circuit. Ipy: PV module current, Vpy: PV Module voltage, SW1: Load capacitor

switch 1, SW»: Load resistor switch 2, A: Oscilloscope Current sensing probe, V: Oscilloscope voltage sensing probe, C:

Capacitor load, R: Resistor load.

The relationship between the electrical efficiency of the module and its operating
temperature is determined experimentally at a uniform temperature and constant solar
irradiation. This is achieved by cooling the PV module using ice, distributed over the
surface of the panel. The temperature is monitored until it reaches 10 °C; then, the ice and
excess moisture are removed, and finally the open circuit voltage and short circuit current
of the PV panel are measured. The measurements are continued while the temperature of
the panel increases due to the warm ambient conditions, with data collected in triplicate
each time an increment of 5 °C is detected.

The electrical efficiency of the PV module is calculated using the Fill Factor (FF), which
is the ratio of maximum obtainable power to the product of open circuit voltage and short
circuit current. The calculation of the efficiency (#) considers the energy produced with
respect to the received solar energy. For this work, the efficiency is determined by:

- VoclscFF )

GsApy
where G; is the solar irradiation, V. is the open-circuit voltage, I is the short circuit
current, and Apy is the active area of the PV module.

2.2. PVT Module Design

A heat exchanger is adapted into the PV module, consisting of a rectangular enclosure
of expanded PVC mounted on the back of the module. This enclosure has the same width
and length dimensions as the module (see Table 1), and a proposed thickness of 27 mm.
Preliminary calculations indicated that a fluid layer thickness of 50 mm or less would yield
better heat exchange between the cooling fluid and the PV module, so the thickness of the
aluminium frame was used for simplicity.

The design of the heat exchanger includes 16 valves that can work both as inlets and
outlets, to allow experimenting with different configurations of forced convective flow of
cooling water. This proposed PVT module design with multiple inlets and outlets and an
unobstructed enclosure allows experimental versatility for testing different configurations
within the same piece of equipment. This particular design was chosen as opposed to
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the implementation of fixed defined channels within the exchanger, given that such a
design would require a different heat exchanger to be constructed for each configuration.
Moreover, the proposed design allows the study of the effect of recirculation zones, as well
as the effect of volumetric flow rate of cooling fluid on the flow pattern.

A total of 11 configurations are analysed in this paper in terms of heat removal, elec-
trical generation and pressure drop. The location of the valves is indicated in Figure 3. The
11 analysed configurations are presented in Table 2, and one of them (B4) is graphically
depicted in Figure 4 as an example. The graphical representation of the remaining configu-
rations can be found in Appendix A. All the configuration schematics are accompanied
by the expected flow lines. As the work presented in this paper does not include fluid
dynamics simulations, the flow lines presented in Figure 4 are only for illustrative purposes,
and are estimated based on the corresponding experimental thermographic image for each
configuration. The configurations are classified into three subgroups, named by the manner
in which the fluid enters the heat exchanger: from the bottom (B), from a single valve (S),
and laterally (L).

(a) (b)

Figure 3. Constructed PVT heat exchanger indicating valve locations: (a) Schematic diagram,
(b) Photograph of the experimental PVT module.

Table 2. Description of each of the heat exchange configurations analysed.

Configuration Inlet (s) Outlet (s)
Bl 1,2,3,4,12,13,14 511
B2 1,2,3,4,12,13,14 8
B3 1,2,3,4,12,13,14 6,7,9,10
B4 1,2,3,4,12,13,14 15,16
B5 1,2,3,4,12,13,14 9,10
S1 , 4 15,16
S2 2 15,16
S3 6,7 9,10
L1 3,4 1,9,10,11,12
L2 11 3,4,56,7
L3 1,9,10,11,12 3,4,5,6,7
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Figure 4. Schematic of heat exchange configuration B4, with inlets and outlets indicated by white
arrows and expected flow lines (not calculated) indicated by black arrows.

2.3. PVT Module Performance Analysis

To analyse and characterise the thermal and electric performance, each proposed heat
exchange configuration is tested in five PVT modules simultaneously while recording
the weather conditions in terms of solar irradiation (Gs), wind speed (v;), relative humid-
ity (Hr), and ambient temperature (T;). A regular (unmodified) PV module without a
cooling system is also tested under the same conditions for comparison purposes. Each
configuration test is done under two different cooling water flows (1 and 2 L min—1). The
cooling water is obtained from a nearby well, with an average salinity (w;) of 500 ppm.
The cooling water temperature is kept constant and all the tests are repeated three times.
Figure 5a shows a photograph of the experiment, whereas Figure 5b shows a schematic of
the experimental setup: a low-pressure (LP) pump makes water flow from a storage tank
to the PVT modules, cooling them as they generate electricity, before it is finally discharged
to another storage tank. The variables measured are the electrical power generated (P,),
the temperatures of the PV module (Tpy), the water inlet and outlet temperature at the
panel (T,,; and Ty, respectively), the conductivity of the cool water, and the pressure losses
across the heat exchanger. The photovoltaic panel operates at maximum power conditions
by connecting a micro-inverter to the electrical output of the panel. The micro-inverter
injects the generated energy to the power grid, which draws a current and acts as an
electrical load.

Grid

Electricity
MO

i S N
T i |

Warm
water
(T

Feed
| | Water
Tank

LP Pump
(a) (b)

Figure 5. Experimental setup: (a) photograph, (b) schematic.

The environmental conditions (Gs, v,, Hr and T,) are monitored by a weather station.
The water temperature and salinity at the PVT module inlet and outlet are measured using
thermocouples and an electrical conductivity meter, respectively, and the cooling/feed
water flow rate (Qy) is manipulated using a bypass valve. The pressure losses are estimated
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from the total flow rate passing through the LP pump (Q, plus the bypass) using the
characteristic curve of the pump as supplied by the manufacturer, shown in Appendix B.

The PV module temperature distribution for each configuration is measured using a
thermographic camera (model Flir i5) with a thermal sensitivity of <0.1 °C at 25 °C. The
collected temperature data from each thermal image are then normalised, and the median,
minimum, maximum, and standard deviation of the temperatures on the module surface
are determined from these data. The heat removed from the module by the cooling water
(gw) is calculated using the following expression:

quw = Pwacpw(Two - Twi) )

where p;, and Cy,, are the density and heat capacity of the cooling water, respectively.
Cooling water properties are estimated using correlations reported by Sharqawy et al. [22]
for density, heat capacity [23], and viscosity [24].

The heat removed by the heat exchanger (g,) is modelled by:

qx = UAprTlm 3)

where Ay is the PV module area in contact with the cooling water (the heat exchange area),
ATy, is the logarithmic mean temperature difference between the module and the cooling
water, and U is the global heat transfer coefficient for the heat exchanger.

It is considered that the heat removed from the module is the only heat absorbed by
the cooling water, hence gy = gy, such that U can be obtained using Equations (2) and (3)
for each heat exchange configuration:

_ Pwacpw(Two - Twi)

u
ApeAT,

)

As a non-uniform temperature distribution will lead to a decrease in electrical ef-
ficiency [16], we define the efficiency drop (Ay) as the difference between the efficiency
expected at the mean temperature of the PV module (1,) and the measured electrical
efficiency under forced convective cooling (7.):

Ay = Nu — ¢ ©)

The uniform efficiency at the mean temperature (1,) is estimated from the experi-
mental data obtained following the methodology described in Section 2.1. Finally, the
relationship between efficiency drop is correlated to Gs, Tpy, U, Qy and the standard devia-
tion of the PV module temperature distribution (o7). The average values of Ay, Qu, U, o
and maximum PVT module temperature (Tpy,;,,) are quantified for each test. These values
are compared with a theoretical distribution of probabilities for continuous quantitative
variables, using the t-student parametric distribution [25].

A linear regression between the parameters (Qy, U, o1 and Tpypay) and the efficiency
drop (Ar) is also performed to determine the influence of these parameters on the output
performance of the system. This analysis assists in determining which parameter has a
stronger effect on the electrical efficiency. If the Pearson correlation coefficient between Az
and either Qy, U, o7 or Tpyy,y is less than —0.7, this would suggest that increasing the
value of that parameter would improve the efficiency of the PVT module (by decreasing
the efficiency drop), according to factorial simplicity index theory of Kaiser [26].

2.4. PVT-RO Simulation

A mathematical model of the combined PVT-RO system depicted in Figure 6 is
implemented in MATLAB (Mathworks). The PVT-RO model (see Figure 7) consists of
a solar PVT module, a high-pressure (HP) pump, and a RO membrane module. Some
outputs of the PVT model (Qp and P,) are inputs to the HP pump model that determines
the RO feed pressure (p). The RO model then takes inputs from both the PVT and HP
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Feed
Water
Tank

Cool

pump models to determine the permeate variables (Q, and wy). All models are considered
to operate under quasi-steady state, under the assumption that any dynamic changes to the
operating conditions (changes in weather, location of the sun, etc.) occur at a slower time
scale than necessary to reach thermal equilibrium in both the PVT and the RO modules.

Reverse osis
Process
LP Pump HP Pump
Figure 6. Schematic diagram of the PVT-RO system.
G\‘ 7:! HR vﬂ

Tm‘ — Twa Ro S Qp
W, —|  Solar PVT W, membrane > 7,
o, —> module 0, module

High ————— P

pressure
pump

Figure 7. Variable map and block diagram of the mathematical model of the PVT-RO system, where
green arrows are inputs, black arrows are intermediate variables, and red arrows are outputs. Refer
to the nomenclature for variable descriptions.

2.4.1. Solar PVT Module

The PVT model consists of a system of non-linear equations, solved using a Newton-
Raphson iterative method. The energy balance around the PVT module is given by:

Epy = QS_Qa_Qr_Qx_Peo (6)

where Epy is the rate of net energy input into the PVT module, g is the energy input from
solar irradiation, g, is the thermal energy removed by convective heat transfer with the
wind, g, is the cooling via radiative heat transfer with the sky, and P, is the electrical power
output of the PVT module. The terms on the right-hand side of Equation (6) are estimated
by Equation (3) and by:

s = (Gheamfﬂ cos 6 + Gdif) as Apy @)

qa = haApu(Tp - Ta) (8)
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Peo = 1cApy (Gbeam + Gdif) (10)

where Gy, and G are the beam and diffuse solar irradiation, a; and Apy are the solar
absorptivity and the active area of the PV module, f is the angular dependence of solar
absorptance [27], 0 is the incidence angle between the PV module and the sun, #;, is the
wind heat transfer coefficient, A, is the module area in contact with the wind, ¢ is the
Stefan-Boltzmann constant, Ty, is the sky temperature, and ¢ is the emissivity of the PV
module. Further details and auxiliary expressions used in computing the values used for
Equation (7) through Equation (10) are provided in Appendix C.

For the cooling water, the energy balance considers only the heat exchange with the
panel that leads to an increase in water temperature, and the sensible heat absorbed by the
water as given by Equation (2) The energy balance for the cooling water is then:

Ev = gx — qu (11)

where E;, is the rate of net energy input into the cooling water. At steady state, both
rates of energy input (Epy and E;) should be equal to zero, leading to a system of two
non-linear equations:

Epy(Tp, Two) = 0

Ew(Tp, Tuwo) = 0 (12

These non-linear equations represent the energy balances around the PV module-heat
exchanger system (i.e., the PVT module). The weather conditions and the inlet cooling
water flow properties are inputs to this system, and the outputs consist of the outlet water
flow properties and electrical power (P,), as depicted in Figure 7.

However, not all of the electrical power generated by the PVT module (P,,) is available
for the HP pump. This because a non-negligible amount of power is required to force
the flow of cooling water across the PVT heat exchanger. In order to account for this, the
low-pressure pumping power (P p) is estimated as:

AppvTQu
nLp

Prp = (13)
where Appyr is the pressure drop across the heat exchanger in the PVT module and #p is
the energy efficiency of the LP pump (assumed as 75% for a fit-for-purpose pump). The
power available for the HP pumps is then taken to be:

Pe :Peo_PLP (14)

2.4.2. HP Pump

The HP pump mathematical model is a series of multilinear regressions fitted to the
technical datasheet of a HP DC pump (SunPumps SIJ 3.1-1500P-225 BL). The inputs to
this model are the PV power output (P.) and the cooling water outlet flow rate (Qyy). The
model calculates the maximum water pressure (p) that can be provided by the HP pump to
the RO module under those conditions. More details are provided in Appendix C.

2.4.3. RO Membrane Module

The RO modelling in this work largely follows the approach of Toh et al. [28] and
Bartholomew & Mauter [29], but with the additional complexity of allowing for the fluid
properties (density, viscosity, heat capacity) and membrane properties (water and salt
permeance) to vary with temperature as well as with salinity. At its core, the RO model is a
combination of two simpler models: a non-linear algebraic equation system for determining
the local permeate flux, and a system of non-linear ordinary differential equations (ODEs)
describing the evolution of the unidimensional profiles of the variables (flow velocity,
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T
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M’b

9,
P

concentration, temperature, and pressure) along the membrane module, as depicted in
Figure 8. The former is solved via the simple fixed-point iteration method [30], while the
latter is solved by a Runge-Kutta type algorithm.

4 & 4 4 4 4 & & 4 4 4 4 & 4 4 4 4 4 4 4 & 4 4
LIV AN AN PPN AN RT RN |Romembrane
Yy :I;)xi -
‘w(x)l RO reject
By b
U, X

| _p(o)
lllllllllll RO Membrane

w, X

!

RO permeate

o, w,

Figure 8. Schematic diagram of the unidimensional RO model, showing inputs, outputs and profile variables. Refer to the

nomenclature for variable descriptions.

The local volumetric permeate flux (J,) at each point along the RO membrane module
(x-direction) is estimated using the Kedem—Katchalsky-Merten equation [31]:

Aptm - (nm - np)

]v = ]iRm

(15)

where Apyy, is the transmembrane pressure difference between the feed and permeate
channels, 77, and 71, are the osmotic pressure on the feed and permeate side of the RO
membrane, y is the fluid viscosity and Ry, is the membrane resistance. The effect of changes
in water temperature is explicitly considered to affect the fluid viscosity, as well as the
osmotic pressure following the van’t Hoff equation for NaCl:

R,woT
1 = o PRsWP

M, (16)

where ¢ is the osmotic coefficient, R, is the universal gas constant and M; is the molar
mass of NaCl. The temperature dependence of osmotic pressure is explicit in Equation (16),
but it is also implicit as ¢ and p are also considered to be temperature dependent [22]. The
effect of temperature on the membrane resistance and salt permeance were determined
experimentally for a commercial DuPont BW30 membrane. A non-linear system arises
from the coupling of permeate flux and membrane surface salinity (w,,) due to the effect of
concentration polarisation [28]:

r = Wm —Wp _ exp(]v> (17)

wy — wp Kot

where T' is the concentration polarisation modulus and k;; is the mass transfer coefficient
on the membrane surface.

Finally, the model describing the profiles along the membrane module is based on
mass and energy balances under steady-state non-isothermal conditions, and neglecting
longitudinal dispersion. This results in the following system of ODEs:

duy _ _2Jopp _up (9ppdwy | 9pp dTy, | dpp dpy (18)
dx hepoy  pp \ Ox dx dx dx dx dx

dw 2]

T = PR e, 19)

dx hepuppp
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2
@ = ﬂ (AHs,rRobswb + AHpy + AHp,tm)
dx henuiyCp pb 20)
_AHydwy 1 (1 _ Tbapb)dpb
Cp,b dx Cp,bpb [9) BTb dx
dp  2pu}
ﬁ - dh€2f (21)

where x is the direction along the membrane module length, the subscript b represents
the feed channel bulk conditions, /i, is the membrane channel height (taken to be equal
to the spacer thickness), € is the feed channel void fraction (the volume other than the
spacer mesh), d, is the hydraulic diameter of the spacer-filled feed channel, f is the Fanning
friction factor, R, is the local observed rejection, and AH;, = 66.2 k] kg~ ! is the specific
enthalpy change of solution for NaCl at reference conditions of T, = 25 °C and p, = 1
atm. The transmembrane temperature-enthalpy change (AHrt¢y,), and transmembrane
pressure-enthalpy change (AH) ), are respectively defined as follows:

Ty
AHrpy = /T [Cp(T, wy, pr) — Cp(T, wy, py)]dT (22)

Py 1 Tb <ap>
AHpm = / 1- or d (23)
P Pp p(Tb/ Wy, P) [ P(Tbr Wy, P) oT pwy b

Equations (18)—(21) are integrated along the membrane module length (see Figure 8)
to obtain the total permeate flow (Qp) and permeate salinity (wy). Further details regarding
the estimation of permeate flow and auxiliary equations are presented in Appendix C.

All simulations assume a quasi-steady state using data from a local weather station
in Ciudad Obregon, Mexico (27°29'35.2” N 109°58'10.7” W), for summer (24 July 2018),
autumn (20 October 2019) and winter (3 January 2020) conditions. The weather data
for these dates and location is presented in Appendix D. Three simulation scenarios are
considered: Scenario 1 “Without cooling” emulates the electrical generation of a regular
PV-RO plant for comparison; Scenario 2 “Continuous cooling” emulates the performance
of a PVT-RO plant incorporating the different heat exchange configurations considered in
this paper; and Scenario 3 “Max production” selects the best performance out of scenarios
1 and 2 depending on the time of the day and environmental conditions, which results in
the maximum possible permeate production for the day under consideration. All scenarios
assume the same dimensions and characteristics of the experimental PVT module, and the
simulated RO membrane is based on the BW30-8040 DuPont FilmTec module for brackish
water [32]. The parameter values considered are summarised in Table 3.

To simulate the behaviour of the PVT-RO system under the different cooling configu-
rations in Scenario 2, the simulation parameters are adjusted to match each heat exchange
configuration experimental data as follows: (1) the experimental value of U is used as an
input to the PVT model, and (2) the dependency of Az on the operating conditions (Gs, Tpy
and Q) and cooling configuration is incorporated. Moreover, to guarantee that 1 and
2 L min~! are flowing through each of the modules while keeping the same feed flow rate
into the RO module (Qy), half of the feed flow rate is assumed to bypass the PV panels at
Qw=1Lmin" L.
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Table 3. Simulated PVT-RO unit dimensions and characteristics.

Parameter Value Units
Membrane length [32] 0.955 m
Membrane area [32] 2.8 m?2
Feed channel height (h,) [33] 0.77 mm
Feed channel void fraction (€) [33] 0.89 mm
Feed channel hydraulic diameter (d,) [33] 0.95 mm
PV module area (A) 1.52 m?
Cooling water film thickness 0.027 m
Cooling water inlet temperature (T7,;) 25 °C
Number of PVT modules 4 modules
Cooling water inlet salinity (w) 500 ppm
Total water flow (Qp) 8 L min—!

3. Results and Discussion
3.1. PV Module Characterisation

Experimental tests showed that the behaviour of the PV modules varies from the data
reported by the manufacturer. This is due to manufacturing defects, so it is recommended to
generate a specific I-V curve for the PV panel used under real conditions. A PV module effi-
ciency loss of 0.7% for each 10 °C increase in uniform temperature was observed. Figure 9
shows the I-V curve obtained in the field at Tpy = 59.2 °C and G = 1000 W m 2. The real
efficiency obtained is 16.02%, about 0.58% lower than that reported by the manufacturer
(see Table 1).
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Figure 9. Measured I-V curve at Tpy = 59.2 °C and Gs = 1000 W m 2, for the PV modules used in
this work.

Regarding the effect of temperature, Figure 10 shows that the electrical efficiency
significantly decreases due to increases in temperature. A significant (95% confidence)
negative correlation is observed for the relationship between these variables (r = 0.92,
p < 0.001). The degree of goodness of fit was high (R? = 0.85) for the linear regression model:

nu = 0.1777 —7.034 x 107 Tpy (24)

where Tpy is the uniform PV module temperature in °C.
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Figure 10. Effect of temperature on efficiency for the PV module.

3.2. Experimental Results of the PV Module Cooling Configurations

In order to remove the biases and effects introduced by the different environmental
conditions at the time of testing each of the different configurations, the temperature
distribution for each configuration was first normalised as follows:

Tpy, = PWNCZIPVC 25)
Tpy,nc — Tpvc

where the subscript n represents the normalised temperature, NC refers to the module
that is not cooled, and C refers to the water-cooled module. The overbars represent
the arithmetic mean of the temperature for the corresponding module. Subtracting the
temperature of the cooled module from that of the non-cooled module removes some of
the bias associated with higher or lower solar irradiation during measurement. By this
definition, the normalised temperature should have an arithmetic mean of 1.

With respect to the temperature distribution in the PVT, Figure 11 shows the ranges of
normalised temperatures for each heat exchange configuration, indicating the maximum
and minimum temperatures, as well as the sizes of the central interquartiles and the
median. This information can help determine which configurations lead to a more uniform
temperature distribution. Group B has more uniform and compact ranges than groups
S and L. Conversely, group S presents the largest ranges of temperatures, particularly
configurations S1 and S3.

The L group shows the configuration with the smallest normalised temperature range
(L2), although there is more variability in the ranges within the L group, this compared
to the B group. The configurations with the smallest normalised temperature range are
the ones that lead to a more uniform temperature, being this the condition with Ay close
to zero.

The results of the experimental measurements of efficiency drop for the PVT modules
are shown in Figure 12. In the graphs in this figure, Ay is plotted against maximum
temperature (Tpymqy), Overall heat transfer coefficient (U) and the standard deviation of
the temperature distribution (cr). In addition, the two values of water flow rate (Q)
for each configuration are joined by a line, with a circle indicating the larger flow rate of
Qw=2Lmin .
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Figure 11. Ranges of observed normalised temperatures for each heat exchange configuration, with
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Figure 12. Effect on the efficiency drop (A7) of: (a) maximum PV module temperature (Tpy,4x), (b) overall heat transfer
coefficient (U), and (c) standard deviation of temperature distribution (¢1). Data points for the same configuration are
joined by a line, with the unmarked ends of the lines representing the data at Q;, = 1 L min—!, and the ends marked with a

circle representing the data at Q;, =2 L min~1.
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Configuration types B, S and L are indicated by similar colour groups in Figure 12.
This is done to visualise the similarities between the members of each group. In the case
of group B, it can be seen that the configurations are grouped on the lower part of each
graph, where Ay is lower and therefore closer to the efficiency of the photovoltaic panel at
uniform temperature. This suggests that configurations belonging to group B result in best
performance in terms of temperature distribution, leading to lower efficiency drop. It can
also be seen in Figure 12b that, for all configurations, increasing Q,, reduced the efficiency
drop and increased U.

However, Figure 12a,c indicate that a larger temperature range (i.e., a larger Tpy;;4x) Or
a larger temperature variability (i.e., a larger o1) do not necessarily lead to larger efficiency
drops in the configurations tested. This is particularly evident for configurations B1, L2 and
L3, for which Tpy, . and o7 increase as Qy, is increased, but Ay is reduced. Nevertheless,
if the analysis is focused on the overall data, a general tendency can be seen that Ay is
larger for configurations with larger o and larger Tpy ;.. On the flipside, this general
tendency is not observed for the relationship between Ay and U. These observations are
corroborated by the overall Pearson correlation coefficients presented in Table 4, and
suggest that, although in general a better temperature distribution and lower temperature
range will lead to less efficiency losses, for any particular configuration heat removal drives
efficiency drop.

Table 4. Pearson correlation coefficients between efficiency drop (Ay) and each of the studied
input parameters, for each configuration and for the overall data set. Highly significant correlation
coefficients are highlighted in bold.

Pearson Correlation Coefficient between Ay and:

Configuration Qu u or TPVmax
Bl —0.57 0.67 —-0.27 —0.82
B2 —0.50 0.31 0.59 0.58
B3 —0.62 0.05 0.70 0.83
B4 —0.73 —0.50 —0.45 —0.40
B5 —0.31 —0.68 —-0.29 —0.28
S1 —0.83 —0.46 —0.34 -0.15
S2 —0.93 —0.22 0.21 0.04
S3 —0.35 —0.68 0.53 0.31
L1 —0.51 —0.20 0.64 0.52
L2 —0.79 —0.67 0.16 0.40
L3 —0.48 —0.18 —0.92 0.90

Overall —0.10 —0.07 0.18 0.22

To quantify the trends observed in Figure 12, the statistical relationships between the
variables in that figure are presented in Table 4, which shows the Pearson correlation coef-
ficients between the efficiency drop for each configuration and the operating parameters
studied, as well as the overall correlations. It can be seen that Q, has a negative correlation
with Ay in all configurations and overall. This means that increasing feed flow rate gener-
ally led to an increase in electrical efficiency, confirming the trends observed in Figure 12b.
Configurations B4, S1, S2, and L2 show a correlation coefficient magnitude > 0.7, which
classifies as highly significant behaviour according to the factorial simplicity index.

On the other hand, the heat transfer coefficient (U) did not show a highly significant
behaviour in affecting the efficiency drop overall. Although for most configurations
an increase in U was slightly correlated with a decrease in efficiency drop (a trend also
observed in Figure 12b), the statistical results suggest that increasing heat transfer efficiency
will not necessarily lead to higher energy generation. The results of configurations with a
positive correlation may be related with the input cooling fluid being distributed vertically
with less uniform heat extraction inside the PVT module. Since the cooling fluid residence
time is low, this is probably due to the cooling fluid being directed to vertical outlets placed
partially aligned with the inputs. The negative signs may be attributed to the fact that the
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temperature of the cooling fluid is increased more along flow lines with a longer residence
time inside the PVT module. This is due to the fact that the direction of the water changes,
as inputs are not aligned with outputs, leading to recirculation zones.

As regards the effect of o7 on the efficiency drop, the L3 configuration presents a
correlation coefficient <—0.7 (r = —0.92). This result is probably due to the multiple inlets
and outlets being aligned horizontally and the PV cells in the module being wired vertically
and in parallel with each other, thus the temperature variation along each series of PV cells
is minimal. The negative correlation can be explained by the fact that a higher temperature
variability is mostly associated with a larger water temperature increase due to more
cooling of the PV module, hence reducing the efficiency drop. On the other extreme, the B3
configuration has a correlation coefficient >0.7. This could indicate that the fluid tends flow
largely in the vertical direction, resulting in a large temperature difference along the PV
cells wired in series, therefore reducing the electrical efficiency in the photovoltaic panel.

The correlation coefficients for Tpy,,, show that configuration B1 has a highly signifi-
cant coefficient <—0.7 (r = —0.82). This can probably be attributed to the symmetric vertical
flow of cooling water. Configurations B3 and L3 also show highly significant correlation
coefficients >0.7. This is probably because the multiple outlets are geometrically spaced
from each other.

3.3. PVT-RO Modelling Results

The experimental data for heat transfer (U) and efficiency drop is incorporated into
the PVT-RO model described in Section 2.4. This in order to estimate the energy generated
by the PVT modules under different cooling configurations and without forced cooling, as
well as the energy available to be used in the RO desalination process (E.). The model then
uses these results to predict the volume of water produced by the PVT-RO hybrid system
(Voly) and the salinity of the permeate (wj). Simulation results for two representative dates
are presented in Tables 5 and 6.

The model results for 20 October (Table 5) show that B1 has the best performance of
all configurations tested under continuous cooling at Q; =1 L min~1, both in terms of
energy and permeate production. For the tests under continuous cooling at Q;, =2 L min~1,
the energy available is reduced in comparison with the lower flow rate, and therefore the
production of permeate water is also reduced. The model results for 24 July (Table 6) also
show that B1 results in the best performance for both Q,, =1L min~! and Q =2 L min~ 1.

Table 5. Simulation results for PVI-RO hybrid system power generation and water production, based on weather data for

20 October 2019.
. Vol E Wp Vol E Wp Vol Increase Vol Increase
Scenario P e P e P p
(m3) (Wh)  (ppm)  (3) Wh)  (ppm) (3 (%) (m?) (%)
WithoutCooling 1.296 884 4.3
Scenario Continuous Cooling Max Production
Quw 1L min—! 2L min—1 1L min—? 2L min—1
Bl 1.650 913 8.4 1.002 636 8.1 1.650 27.5% 1.296 -
B2 1.452 879 6.2 0.834 603 6.3 1.458 12.6% 1.296 -
B3 1.506 888 6.8 0.936 622 7.2 1.506 16.4% 1.296 -
B4 1.404 872 5.8 0.906 614 6.9 1.410 9.2% 1.296 -
B5 1.440 875 6.3 0.888 617 6.8 1.440 11.5% 1.296 -
S1 1.410 869 6.1 0.906 627 6.8 1.416 9.7% 1.296 -
S2 1.512 888 7.0 0.966 635 7.2 1.518 17.3% 1.296 -
S3 1.422 874 6.0 0.930 626 7.0 1.428 10.5% 1.296 -
L1 1.512 882 7.1 1.026 649 7.8 1.512 17.0% 1.296 -
L2 1.398 866 6.1 0.954 634 7.2 1.410 9.0% 1.296 -
L3 1.356 857 5.8 0.882 618 6.8 1.368 5.9% 1.296 -
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Table 6. Simulation results for PVI-RO hybrid system power generation and water production, based on weather data for

24 July 2018.
. Vol E Wp Vol E Wp Vol Increase Vol Increase
Scenario P e P ¢ P P
(m3) (Wh)  (ppm)  (3) Wh)  (ppm) (3 (%) (m3) (%)
Without Cooling 2.784 1247 20.4
Scenario Continuous Cooling Max Production
Quw 1L min—! 2L min—1 1L min—? 2L min—1
Bl 3.240 1336 39.4 2.508 1054 23.1 3.240 16.5% 2.838 1.9%
B2 3.000 1265 30.4 2.148 983 16.8 3.006 8.2% 2.784 -
B3 3.066 1281 329 2.352 1017 19.7 3.078 10.6% 2.784 -
B4 2.958 1261 29.2 2.304 1010 19.3 2.970 6.8% 2.784 -
B5 2.988 1260 30.0 2.256 1002 18.2 2.994 7.8% 2.784 -
S1 2.958 1252 29.0 2.286 1012 18.5 2.976 7.0% 2.784 -
S2 3.096 1293 34.7 2.430 1041 214 3.102 11.6% 2.790 0.3%
S3 3.054 1306 36.4 2.454 1054 23.1 3.066 10.1% 2.814 1.3%
L1 3.060 1269 31.6 2.478 1041 20.8 3.072 10.4% 2.808 1.0%
12 2.934 1242 27.7 2.352 1019 19.2 2.946 6.0% 2.784 0.0%
L3 2.850 1218 24.5 2.184 986 16.7 2.874 3.4% 2.784 -

An important factor to be considered in addition to the amount of water produced is
the salinity of the permeate flow, as this has implications in terms of the potential applica-
tions for PVT-RO. Observed rejection for all the configurations tested range around 92% to
95% in the summer, when the lowest values are observed. Importantly, the configuration
with the largest water production (B1) presents the lowest rejection (92%) and largest
permeate salinity (39 ppm) from a feed water salinity of 500 ppm. This is expected, as
Figure 12b shows that configuration B1 yields the largest heat transfer coefficient, and
hence the highest RO feed water temperature. A higher temperature feed is known to
reduce salt rejection as well as increasing water permeance for RO and other osmotic
separation membranes [19,34].

Another effect that can be observed in Figure 12 is a lower permeate salinity at
the larger cooling water flow rate of Q;, = 2 L min~!. This effect can be related to the
lower available pumping energy at this higher cooling rate. Although in general, for all
configurations, operating at the larger flow rate results in a lower efficiency drop (see
Figure 13), the larger pressure drop across the PVT heat exchanger results in less energy
available (E,) for the RO HP pump. This in turn leads to a lower operating pressure for
the RO module, which results in a lower permeate flux, but also in less concentration
polarisation as predicted by Equation (17). This latter effect also leads to a lower membrane
surface salinity, and thus less salt passage through the RO membrane and ultimately lower
permeate salinity.

Figure 13 shows the variation in water production under the three scenarios simulated,
that is, under continuous cooling, without cooling, and under maximum production
conditions. This latter scenario uses cooling only when it is predicted to result in greater
water production than without cooling. These data are presented for the day in autumn for
configuration Bl at Q,, =1L min~! (Figure 13a) and at Q, =2 L min~! (Figure 13b). For
the lower flow rate, the scenario without cooling yields more permeate water during the
early morning and late afternoon hours, but the cooling scenario results in greater permeate
production for most of the day. Therefore, a hybrid operation consisting of turning the
cooling system on and off is proposed to maximise the generation of electricity and hence
maximising the water production. For this case, maximum production would be achieved
if the cooling system is engaged only when the increase in energy generation due to the
increase in efficiency overcomes the trade-off with energy losses due to pressure drop in the
heat exchanger, which occurs roughly between 9:00 h and 15:30 h. On the other hand, for
the larger water flow rate, the cooled scenario never overcomes the increased energy losses



Water 2021, 13, 229

19 of 31

due to pressure drop, so for that case it is not convenient to engage the cooling system on
that particular autumn day.
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Figure 13. Simulated daily water generation for 20 October 2019, using configuration Bl at: (a) Qu =1 L min™";

(b) Qw =2 L min~ 1L,
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The data presented in Tables 5 and 6 and Figure 13 are for simulation results using
weather measurements from the autumn and summer seasons. Nonetheless, simulations
were also carried out using data from the winter season (3 January 2020). However, the
winter simulations indicated less permeate production under forced cooling regardless of
the water flow rate. This because the power required to overcome pressure losses in the
PVT heat exchanger is larger than the gains in energy production, resulting in less available
power for the HP pump. Hence, the winter data are not presented in this paper.

4. Conclusions

The results presented in this paper confirm that it is possible to achieve larger PV
energy production as well as more RO permeate by cooling the PV modules using the
RO feed water, achieving the expected synergies. However, pumping energy is required
to force the flow of cooling water across the heat exchange surface with the PV module,
which presents a trade-off that limits the conditions under which it is advisable to operate
this cooling. This because the efficiency gains may not be sufficient to cover the required
pumping energy, resulting in less energy available to operate the RO unit despite larger
energy generation by the PV module.

The results of the statistical analysis of the operating parameters for the PVT-RO
system yield some insights into the characteristics of the proposed cooling configurations
that result in greater electrical efficiency gains. The main objective of the forced convective
cooling through heat exchange should be to remove as much thermal energy as possible
without incurring in significant efficiency drop due to a non-uniform temperature distribu-
tion. Although higher heat transfer coefficients may maximise the efficiency for a particular
configuration, this should not be the only consideration.

On the other hand, the way in which the fluid enters the PVT module was seen to
be one of the main drivers of efficiency drop, with configurations from group B leading
to better performance. This group was characterised by symmetric vertical flow feed and
multiple inputs close to each other. This can be related to PV cells being grouped in series by
the manufacturer in vertical direction. Moreover, the cooling configurations that presented
the best electrical performance were those that forced the fluid to circulate in a continuous
direction from inlet to outlet, either horizontal or vertical, preventing recirculation. Future
complementary investigations are recommended, in which the implementation of flow
channels inside the heat exchanger is contemplated, as well as the optimisation of cooling
water flow rate.
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In addition, the PVT water outlet temperature was shown to influence the RO system,
so it is imperative to consider the PVT-RO system as a whole when selecting the cooling
configuration to be used. Thus, it can be concluded that out of the configurations tested,
the characteristics of the Bl configuration are the best suited for the production of permeate
water under the conditions proposed by this study. This configuration resulted in the
highest percentage increase in permeate water compared to not using a cooling system,
leading to a predicted 16.7% increase in production during summer and a 27% increase in
production during autumn, growing to a 27.5% increase in autumn when only engaging
the cooling system when the conditions for an increase in production is observed.

Although increasing the cooling water flow rate generally leads to a decrease in
efficiency drop in the PV modules, the energy losses due to pressure drop in the heat
exchanger also increase substantially, such that the gains in efficiency do not compensate
for the energy losses. For this reason, it is recommended to run the system at lower
cooling water flow rates. It is important to point out that the present investigation did not
determine the optimal water flow rate for the proposed system. Hence, this is an area of
opportunity for future studies. Nevertheless, the results are conclusive for lower cooling
water flow rates in the ranges of the proposed experiment.

The decrease in rejection and higher permeate salinity when using feed water to cool
the PV modules may be a limitation for applications with high salt content, such as seawater
RO for which feed salinity is usually around 35,000 ppm. For that application, a relatively
low rejection of 92% may lead to an unacceptably high permeate salinity. Therefore, the
relevance of PVI-RO should be analysed according to the specific case and need. In
addition, for seawater applications the feed osmotic pressure is higher, which would result
in a reduction in the number of hours for which the system can be operated due to low
energy generation at lower irradiation conditions. Conversely, if longer operating hours are
a requirement, a larger capital investment in solar modules or batteries would be required
to allow the operation at times of lower solar irradiation. Other potential applications for
PV module cooling include pumping bore water in remote locations, for which the slight
increase in water temperature may not be a significant issue.

In general, forced convective cooling is more likely to be beneficial under conditions
of high solar irradiation (>900 W m~2) and high ambient temperature (>35 °C), such as
those experienced in the summer in dry arid regions similar to northwest Mexico. In those
regions, it is very likely that cooling will be beneficial for most of the summer daylight
hours. However, in the spring and autumn, the times of the day for which cooling is
beneficial are reduced, and cooling is basically of negligible use in the winter. As the
weather conditions vary significantly with geographic location, a more detailed techno-
economic case study that considers expected weather patterns is recommended in order to
determine whether this strategy would be economically beneficial for a particular location.

5. Patents

The design of the heat exchanger system used to cool the photovoltaic panel using RO
feed water, for the purpose of water desalination, has been filed as a patent application
to the Mexican Institute of Intellectual Property (IMPI). This application for intellectual
property protection, in the industrial design modality, was received by the local IMPI office
on December 19, 2019 and is currently pending assessment.
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Abbreviations

Variables Description Units

Am Membrane area m?

Apy Active area of PVT module m?

Apa Area of the PVT module in contact with the air m?

Apx Contact area of PVT module with cooling water m?

Cpw Heat capacity of cooling water Jkg 1K1
D Solute diffusivity m? s !
dy, Hydraulic diameter m

E. Useful electrical energy produced over one day W h

Epy Rate of energy input to the PVT module w

Ey Rate of energy input to the cooling water W

f Fanning friction factor -

FF Fill factor -

fo Angular dependence of solar absorptance -

Gpeam Beam solar irradiation W m—2
Gai Diffuse solar irradiation Wm2
Gs Total solar irradiation W m—2
ha Wind heat transfer coefficient Wm—2K!
hepy RO membrane feed channel height m

H, Extraterrestrial radiation on a horizontal surface W m2
Hp Relative humidity %

AHp pm Transmembrane pressure-enthalpy change Jkg™!
AHT 4y Transmembrane temperature-enthalpy change Jkg!
AHs , Specific enthalpy change of solution for NaCl at reference conditions Jkg!

Isc Short-circuit current A

Jo Local volumetric permeate flux ms~!
kit Mass transfer coefficient on the membrane surface ms!

ki Hourly clearness index -

L RO module length m

M Molar mass of NaCl kg mol ™1
P, Electric power available for the high-presure pump W

Peo Electric power output from the PVT module W

Prp Electric power required by the low-pressure pump W

p Pressure Pa

Py Pressure along feed channel fluid in RO module Pa

Py Permeate pressure Pa

Appyr Pressure drop across the PVT heat exchanger Pa

Apim Transmembrane pressure difference Pa

Pr Prandtl number -

Qp Volumetric flow rate in the feed channel of the RO module m?3 571
Qp Volumetric flow rate of RO permeate m3s~!, L min~!
Quw Cooling water volumetric flow rate m®s~1, L min~!

Ja Rate of heat removal from the PVT module by convective heat transfer with the wind =W
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qr Rate of heat removal from the PVT module radiative heat transfer with the sky W

qs Rate of solar energy absorption by the PVT module W

Jw Rate of heat removal from the PVT module by forced convection with cooling water W

Gx Heat exchanged between PVT module and cooling water W

Rq Universal gas constant Jmol 1 K1

Rint RO membrane intrinsic salt rejection -

Ry, Hydpraulic resistance of RO membrane m 1

Rops Observed salt rejection for RO membrane module -

Re Reynolds number -

Sc Schmidt number -

Sh Sherwood number -

T Temperature °C,K

T, Ambient temperature °C, K

Ty Temperature along feed channel in RO module °C, K

Tap Dew point temperature °C

Tpy PV module temperature °C, K

TPV max Maximum PV module temperature °C

T, Reference temperature °C

Tsky Sky temperature K

Tyi Temperature of cooling water at PVT module inlet °C

Two Temperature of cooling water at PVT module outlet °C

ATy, Logarithmic mean temperature difference between PV module and cooling water K

u Overall heat transfer coefficient for cooling water heat exchange Wm~2K

uy Bulk feed flow velocity in membrane module ms~!

Vv Voltage \Y%

Ua Wind speed ms1

Voc Open-circuit voltage A%

Vol, Permeate volume produced over one day m3

W Power w

wy Salinity mass fraction along feed channel fluid in RO module -

wp Salinity mass fraction of RO permeate -

Greek Symbols ~ Description Units

« PV module solar absorptivity -

B Angle of incidence between the solar beam irradiation and the horizontal plane °
Concentration polarisation modulus -

€ PV module emissivity -

€ Void fraction in feed channel of RO module -

An Efficiency drop of PVT module %

n Electrical efficiency of PVT module %

e Electrical efficiency of PVT module under forced convective cooling %

1Lp Energy efficiency of the low-pressure pump %

Nu Electrical efficiency of PV module at uniform temperature %

Q Osmotic coefficient -

w Fluid viscosity Pas

Tl Osmotic pressure on the feed side of the RO membrane surface Pa

Ty Osmotic pressure on the permeate side of the RO membrane surface Pa

0 Angle of incidence between the solar beam irradiation and the PV module °
Density kg m~3

op Density of the RO permeate kg m~3

Ow Density of water kg m~3

o Stefan-Boltzmann constant Wm2K™*

or Standard deviation of the PV module temperature distribution K

A Oscilloscope current sensing probe

C Capacitor

HP High-pressure

LP Low-pressure

ODE Ordinary differential equation
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PV Photovoltaic

PVC Polyvinyl chloride

PVT Photovoltaic-thermal

R Resistor

RO Reverse osmosis

SW1 Load capacitor switch 1

SW, Load resistor switch 2

v Oscilloscope voltage sensing probe

Appendix A

This section presents thermographic images for each of the heat exchange configura-
tions tested in this work, as well as schematic depiction of the expected flow lines. These
are presented in Figure A1l for group B, in Figure A2 for group S, and in Figure A3 for
group L. The images show areas with temperatures ranging from 25 to 69 °C. However, a
scale with a temperature range of 30 to 45 °C is used to better visualise this range with a
wider colour scale.
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Figure A1l. Diagrams of expected flow lines for group B configurations, alongside their respective thermographic images.
The reader is referred to Table 2 for the description of each configuration.
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Figure A2. Diagrams of expected flow lines for group S configurations, alongside their respective thermographic images.
The reader is referred to Table 2 for the description of each configuration.
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Figure A3. Diagrams of expected flow lines for group L configurations, alongside their respective thermographic images.
The reader is referred to Table 2 for the description of each configuration.
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Appendix B

This section presents the characteristic curve of the low-pressure (LP) pump used in the
experiments for circulating feed water through the different heat exchange configurations
tested in this paper. The curve presented in Figure A4 is used to determine the pressure
drop across the PVT module and to determine the pumping energy requirements for a
fit-for-purpose pump in the simulated PVT-RO system.

20 —__
18} T

16} .
14}
12

10} N\,

Dynamic head (m)

0 20 40 60 80 100 120
Volumetric flow rate (L min-1)

Figure A4. Experimental low-pressure pump characteristic curve.

The pressure drop in the PVT heat exchanger (AppyT) is taken to be equal to the
dynamic head supplied to the fluid by the experimental LP pump, multiplied by the
gravitational acceleration and the density of the cooling water (p,). Because the volumetric
flow rate through the experimental LP pump is not easily controlled, the volumetric flow
rate of cooling water through the PVT module (Qy) was manipulated using a bypass valve
after the LP pump outlet, with the bypass flow returning to the feed tank. Therefore, the
total flow rate through the experimental LP pump (i.e., the sum of Q, and the bypass flow)
is used to determine the dynamic head from Figure A4, and this value is used to estimate
Appyrt. This approach is followed for all the cooling configurations tested in this work.

Appendix C

This section presents and summarises the auxiliary equations required for the PVI-RO
modelling described in Section 2.4.

The mathematical model for the high-pressure (HP) pump calculates the voltage and
maximum output pressure, for a given volumetric flow rate operating condition and the
electrical power available from the solar PVT module. This calculation is based on the
technical datasheet of a HP DC pump (SunPumps SIJ 3.1-1500P-225 BL) which is capable
of operating under the conditions necessary for brackish water RO. The technical data for
the pump are fitted to a multilinear model of the form:

1
Quw

{ 14 ] _ { ap1 d411 421 asz1 a41 4as; Q%u (A1)
Voump app 12 A2 432 A4p 452 Pg
P
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where p is the fluid outlet pressure in psi, V,mp is the voltage required by the pump in V,
Quw is the volumetric flow rate L min~!, and P, and is the electrical power available in W.
The values of the coefficients for this multilinear fit are given in Table A1.

Table A1. Coefficient values for the multilinear regression in Equation (A1).

Coefficient Value

a0,1 —301.03
a1,1 35.872

a2,1 —2.6886
a31 1.4446

a4 ~1.75 x 107°
as1 —6.5214 x 1072
ap,2 105.90

a2 —6.6648
1122 1.2169

s 1.2325 x 1072
s 1.24 x 1077
asp —1.1288 x 1074

The logarithmic mean temperature difference between the PV module and the cooling
water (AT},) used in Equations (3) and (4) is given by:

Two — Twi
Tpy —Ty;
In ( Tpy— Tz;]o )
For the experiments described in Section 2.3, solar irradiation (G;) data are obtained
from pyranometer measurements. However, the pyranometer measures the solar radiation

on a horizontal plane. Therefore, assuming that the angle of incidence between the solar
beam irradiation (Gp,,,;;) and the horizontal plane is B, the following holds:

ATy, = (A2)

Gs — Gaif

cos (A3)

Gbeam =
Diffuse irradiation (Gg) in Equations (7) and (A3) is estimated as proposed by
Boland et al. [35]:
Gair = Cs
9if 7 14 exp(—5.03 + 8.6k;)

where k; is the hourly clearness index, defined in terms of the extraterrestrial radiation on a
horizontal surface (Hy):

(A4)

Gs
Hy

The value of Hy depends on the month of the year in question [27,36]. The angular
dependence of solar absorptance (fy) in Equation (7) is given by [27]:

ke = (A5)

fo = 1—-159x 10730 +2.73 x 107462 — 2.3 x 107°6% +9.02 x 10~ 76*

A6
—1.8 x 10786° +1.77 x 10~109° 4+ 6.99 x 101367 (86)

where 6 is the incidence angle between the solar PV module and the solar beam irradiation,
in degrees.
The wind heat transfer coefficient (1;) in Equation (8) is given by [27]:

ha = 5.7+ 3.80, (A7)

where I, is given in W m 2K andv, inms 1.
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The sky temperature (Ts,) in Equation (9) is given by [27]:

_ 157(t—12)7 V4
Tyy = Ta{0.71 +0.0056T;, +7.3 x 107°T7, +0.013 cos [(180)} } (A8)

where Ty, and T; are in K, Ty, is the dew point temperature in °C, and t is the time of the
day in hours since midnight.

The dew point temperature (T4,) in Equation (A8) can be obtained using Antoine
equation parameters for the vapour pressure of water, such that:

;o[ 1  logpRu-2]""
- |T+C B

—C (A9)

where Ty, and T, are in °C, Ry is given as a percentage, and the coefficient values for water
vapour are B = 1730.63 and C = 233.426 [37].

The mass transfer coefficient in Equation (17) depends on the geometry and flow
conditions inside the membrane module, and can be obtained from empirical equations
that correlate the Reynolds (Re) and Schmidt (Sc) numbers to the Sherwood number (Sh).
Schock and Miquel [33] give the following correlation for typical RO spacer-filled (FilmTec)
spiral wound membrane module:

Sh = 0.065Re*8755025 (A10)

where the dimensionless numbers are defined as:

Re = M (A11)
cp
- *

Sc = oD (A12)
. kmtdh

Sh = =5 (A13)

where D is the solute diffusivity. The bulk fluid velocity in the feed channel of the RO
module is defined as:
QL

up A, (A14)
where A, is the membrane area and L is the RO module length.

The membrane resistance (R;;) in Equation (15) is slightly temperature dependent
and can be determined from DI water permeation data by varying the feed pressure,
a process that is widely reported in the literature [38—40]. This process is repeated for
several temperature values, and Ry, is then fitted to a linear dependency on temperature
based on experimental data:

R, = 3.9598 x 10 —1.0976 x 10'*T,, (A15)

where T}, is given in K, and R, is given in m~L. This fit was obtained experimentally for
the particular membrane modelled, which in the case of this paper is a BW30 (DuPont)
TFC RO membrane.

Salt passage through the membrane is modelled using the membrane intrinsic rejection,
defined in terms of the salinity mass fraction on either side of the membrane, that is:

(A16)
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On the other hand, the observed rejection (R,s) in Equations (19) and (20) is defined
in terms of the bulk and permeate salinity mass fractions, that is:

Rops = Tb (A17)

These two rejection definitions are related through the concentration polarisation modulus:

1— Ry, Rint
T — 0 s) ( in ) Al8
( Robs 1- Rint ( )

Similarly to membrane resistance, intrinsic rejection is also slightly temperature de-
pendent. This relationship is determined experimentally for several temperature and
salinity values, and R;;; is then fitted to a linear dependency on temperature based on the
experimental data:

Ript = 0.99976 — 1.487 x 10*T, (A19)

where T}, is given in °C.

Appendix D

This section presents the weather data sets used for the prediction of permeate water
production for the proposed PVT-RO system, as well as the resulting simulated average
PVT outlet water temperatures. The input data were sourced from a local weather station
in Ciudad Obregon, Mexico (27°29'35.2” N 109°58'10.7” W). These data are presented
in Table A2 for summer conditions (24 July 2018), in Table A3 for autumn conditions
(20 October 2019), and in Table A4 for winter conditions (3 January 2020).

Table A2. Weather data set for the summer day (24 July 2018) used in the PVT-RO simulations.

Time of Day Gs Hgr T, Va
(h) (Wm~—2) (%) (@] (ms™1)
6-7 316.66 57.07 31.71 1.491
7-8 528.33 47.81 33.65 1.574
8-9 715.00 41.85 35.11 1.542

9-10 853.33 35.33 36.74 1.238
10-11 936.66 38.37 37.11 1.395
11-12 973.33 37.52 37.43 1.283
12-13 936.66 29.94 38.53 1.059
13-14 836.66 27.36 38.97 1.113
14-15 686.66 26.47 39.48 0.959
15-16 495.00 30.79 38.96 0.995
16-17 275.00 38.06 37.16 1.112

Table A3. Weather data set for the autumn day (20 October 2019) used in the PVIT-RO simulations.

Time of Day Gs Hgr T, Va
(h) (Wm~—2) (%) “QO) (ms—1)
6-7 4.83 82.11 21.50 0.000
7-8 132.16 79.26 22.47 0.041
8-9 358.33 66.87 24.99 0.403

9-10 553.33 56.10 27.07 0.973
10-11 702.66 48.40 28.90 1.120
11-12 785.00 39.29 31.04 0.809
12-13 805.66 35.10 32.11 1.118
13-14 756.33 33.17 32.60 0.871
14-15 646.50 30.58 33.55 0.908
15-16 473.83 30.54 33.44 1.286
16-17 226.00 36.00 32.31 1.540

17-18 22.83 41.08 30.17 1.508
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Table A4. Weather data set for the winter day (3 January 2020) used in the PVT-RO simulations.

Time of Day Gs Hgr T, Vg
(h) (Wm~—2) (%) O (ms—1)
67 0.00 87.66 10.04 0.000
7-8 9.50 88.05 9.87 0.000
8-9 143.00 87.51 10.75 0.211

9-10 373.00 78.96 13.24 1.517
10-11 534.16 65.64 16.16 1.259
11-12 644.00 51.78 18.58 1.302
12-13 685.66 41.61 20.65 1.363
13-14 660.16 32.71 21.76 1.246
14-15 569.00 26.25 22.57 1.246
15-16 412.33 24.67 23.19 1.042
16-17 186.66 24.42 2291 1.193
17-18 11.00 38.23 20.59 0.869

Table A5 shows the effect of the PVT module configuration on the temperature of the
cooling water exiting the module. The inlet water temperatures are 28.7 °C and 20 °C on
24 July 2018 and 20 October 2019, respectively. The water temperatures for 3 January 2020
are not included as implementing cooling on that day did not result in increased permeate
production for the PVT-RO system.

Table A5. Average outlet water temperatures by PVT module configuration and cooling water
volumetric flow rate.

Cooling Water Flow Rate, Q, (L min—1)

1 2 1 2
Configuration

PVT Average Outlet Water Temperature, Ty, (°C)

24 July 2018 20 October 2019
Bl 358 £27 321+£1.3 263 +24 226+14
B2 329+£16 30.6 £0.7 233£17 21.5£0.8
B3 33.8+2.0 316 £1.1 240+£21 223+1.2
B4 321+£13 31.3+£1.0 227+14 221+1.1
B5 33.0£17 31.1£09 234+1.38 219£1.0
S1 328 £ 1.6 31.1+£09 233+17 219+1.0
52 341+21 31.7+£11 242 +£22 223+1.2
S3 323+14 314+11 229+£15 222+14
L1 345+22 323+14 246 £23 228+ 14
L2 328 £1.6 316 +1.1 233+£17 223+1.2
L3 323+14 31.1£09 229+15 219£1.0
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