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ABSTRACT

The use of photovoltaic thermal (PVT) technologies enables improvement in the electrical efficiency of a
photovoltaic (PV) module by reducing the temperature of the PV module via active waste heat removal.
In current PVT systems, the removed heat is mainly used for specific applications, such as water and/or
room heating, but their need is intermittent and seasonal. For a more efficient and versatile use of the
removed waste heat, we propose a new architecture where the PV module is integrated with a
dual-functional electrolyzer that removes the waste heat by active cooling and produces hydrogen via
electrolysis. The excess heat from the PV cell is utilized to enhance the reaction kinetics of the electrolysis
process (due to an increase in temperature) inside an electrolyzer, which is located below the PV module.
In this paper, we used finite-element analysis (FEA) simulations to optimize the geometry and operating
conditions of an electrolyzer to maximize overall energetic efficiency and hydrogen production. To eval-
uate the practical feasibility of the approach, we performed a comprehensive energy analysis of the PVTE
system using data from Phoenix, AZ. The energetic efficiency of the proposed PVTE system was calculated
to be 56-59%, which is comparable to those of current PVT systems. Additionally, the integration of the
electrolyzer with the PV module led to an almost 2.5-fold increase in hydrogen production compared to a
stand-alone electrolyzer operated at ambient temperature. The analyzed hybrid approach potentially
represents a viable and useful alternative for utilization of waste heat energy from PV cells. This approach
may further increase the use of photovoltaic technologies as a renewable energy source.
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* Corresponding authors at: 600 South Mathews Avenue, Urbana, IL 61801, United States. Tel.: +1 (217) 244 9214 (P.J.A. Kenis), +1 (217) 244 0809 (R.G. Nuzzo).
E-mail addresses: kenis@illinois.edu (PJ.A. Kenis), r-nuzzo@illinois.edu (R.G. Nuzzo).

http://dx.doi.org/10.1016/j.apenergy.2015.11.078
0306-2619/© 2015 Elsevier Ltd. All rights reserved.


http://crossmark.crossref.org/dialog/?doi=10.1016/j.apenergy.2015.11.078&domain=pdf
http://dx.doi.org/10.1016/j.apenergy.2015.11.078
mailto:kenis@illinois.edu
mailto:r-nuzzo@illinois.edu
http://dx.doi.org/10.1016/j.apenergy.2015.11.078
http://www.sciencedirect.com/science/journal/03062619
http://www.elsevier.com/locate/apenergy

M.E. Oruc et al./Applied Energy 164 (2016) 294-302 295

1. Introduction

Photovoltaic (PV) technologies employ the photovoltaic effect
to convert solar energy into electricity. PV technologies are rapidly
becoming an important component of the energy landscape. In fact
PV is the third most important renewable energy source in terms of
globally installed capacity [1]. To further exploit the potential of PV
technologies, the energy output of these technologies needs to be
increased. Several strategies have been employed to enhance the
electrical conversion efficiency of PV cells, e.g., by the use of new
materials [2,3] and through development of sophisticated designs
[4,5]. Despite these efforts, the electrical conversion efficiency,
the fraction of incoming solar radiation that is converted to elec-
tricity, of PV cells currently on the market is still less than 20%
[6]. Another strategy to improve the electrical conversion effi-
ciency is to reduce the temperature of the PV cell, as the efficiency
is known to decrease at higher temperatures [7]. This rise in tem-
perature mainly originates from the energy that is not converted
into electricity and dissipated as heat. Hence, active and passive
cooling methods have been employed to remove waste heat,
hereby increasing efficiency, and consequently energy output [8].

One approach to further increase the overall energy utilization
of PV technologies is to convert the energy removed as waste heat
into another useful form of energy, e.g., use of hybrid photovoltaic/
thermal (PVT) systems [9]. A PVT system combines a PV module
that converts the solar energy into electricity, and a solar thermal
collector module that absorbs some of the waste heat for later use
(thereby also reducing the temperature of the PV module) [10,11].
The overall energetic efficiency (fraction of incoming solar radia-
tion that is converted to electricity and useful heat energy) of
PVT systems ranges from 53% to 68% based on the location and
time [12]. Along with the advantage of a high overall energy effi-
ciency, PVT systems also produce more energy per unit surface
area [13] and reduce space and installation cost compared to a sep-
arate PV panel and a solar heat collector system.

In PVT systems the captured heat energy is typically used for
domestic hot water and/or room heating. The need for these appli-
cations, however, is intermittent and seasonal, leading to stored
energy being wasted. For instance, the overall energy output of
PVT systems will be higher when the ambient temperature is high
(due to higher level of solar radiation), but the need for hot water
and heating during these times will be lower. As a result, a need
exists for alternative ways to store and use the waste heat of PVT
systems, especially ways that are less subject to intermittency
and seasonal requirements. To this end, we propose an integrated
system — “a photovoltaic thermal water electrolyzer (PVTE)” — which
comprises a PV cell positioned on top of a planar micro-water elec-
trolyzer. This system not only produces the same output as typical
PVT systems, i.e., electricity and heat energy, but also produces
hydrogen, an environmentally benign and a sustainable energy
carrier that can be stored and used for applications such as power
generation when solar power is not available or transportation
[14]. Naturally, hydrogen storage (e.g., by compression) would
require additional energy, but that energy cost is not included in
the analyses reported here.

Fig. 1(a) provides a schematic illustration of the PVTE system,
while the design and operation of the electrolyzer is illustrated
in Fig. 1(b). Part of the electrical energy generated by the PV cell
is used for water electrolysis, which is a promising approach for
hydrogen production, while the remaining electrical energy is sup-
plied to the grid, similar to conventional PVT systems [6,9]. The
excess heat dissipated from the PV cell is captured by the water
electrolyzer, which functions as a heat sink, and causes the tem-
perature of the electrolyte in the electrolyzer to increase and
approach the temperature of the PV cell. The higher temperature

of the electrolyte in the electrolyzer increases the efficiency of
the electrolysis reaction and also reduces the over-potentials for
H, and O, gas evolution at the electrodes [15]. As a result, the dis-
sipated heat energy is utilized to not only produce hydrogen, but
also increase the efficiency of the electrolysis. Additionally, the
electrolyte in electrolyzer functions as a heat-transport fluid, and
the electrolyte at the elevated temperature (exiting the elec-
trolyzer) is circulated to transfer heat to an insulated water tank,
similar to the scheme used for domestic hot water and/or room
heating in conventional PVT systems. The produced hydrogen can
be used, for example, to operate a fuel cell for power generation,
or as a fuel for a fuel cell-based car.

In this paper, we present a comprehensive analysis of the over-
all efficiency of the proposed PVTE configuration, and compare its
performance to that of the PV panel alone. We also estimated the
efficiency of the electrolysis process within the PVTE system and
compared it to that of a stand-alone electrolyzer. COMSOL Multi-
physics® software was used to predict the temperatures of the
electrolyte and the PV cell for various values of ambient tempera-
ture and solar flux. We also used the simulations to optimize the
chamber thickness of the electrolyzer and the flow velocity of
the electrolyte with the objective of maximizing the electrical effi-
ciency, thermal efficiency, and the efficiency of water electrolysis.
To demonstrate the practical feasibility of the PVTE system, we
estimated the hourly and monthly efficiency values of the various
processes and the power output using solar irradiation and tem-
perature data for Phoenix, Arizona from the year 2010. The high
temperatures in combination with the abundant availability of
solar power in Phoenix make this location an attractive location
for employing a PVTE.

2. Computational model of PVTE
2.1. Dimension and material properties

In this work, we analyze a unit PV cell (16 cm x 16 cm) with 16
water electrolyzers underneath it. An illustration of the module
with the various layers and thicknesses are shown in Fig. 2(a).
The PV cell size was chosen such that the cell can be fabricated
on a 6 in. silicon wafer. The solar cell portion of this module is sand-
wiched between two layers of ethylene vinyl-acetate (EVA) covered
on top with a protective glass layer and on the bottom with a back-
ing layer (Tedlar) to separate the cell from the electrolyzer. The dif-
ferent materials and the thicknesses of each of these protective
layers were chosen based on prior reports on PVT systems
[16,17]. The electrolyzer unit cell is 40 mm long, 40 mm wide,
and ~9 mm thick, while the size of the electrolyzer chamber is
20 mm x 20 mm x 0.4 mm (Fig. 2(b)). These values for the elec-
trolyzer dimensions were chosen to be compatible with the stan-
dard microfabrication procedures. Two 1 cm? thin-film electrodes
are located in the chamber and on a non-electrically conductive
glass substrate that is 1 mm thick. A 7 mm thick PDMS slab was
chosen as the electrolyzer chamber material due to its low thermal
conductivity. Our simulations indicated that the temperature of the
PV cell did not change significantly for PDMS slabs with thickness
exceeding 7 mm. The PDMS reservoir includes an inlet for the elec-
trolyte at ambient temperature, and two outlets for the heated elec-
trolyte, as well as the formed H, and O, gases. Properties of each
material used in the COMSOL simulation are listed in Table 1.

2.2. Modeling of the heat transfer processes

To characterize the performance of the PVTE module, we used
COMSOL Multiphysics® software to perform finite element analysis
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Fig. 1. Schematic illustration of (a) the overall PVTE system and (b) the design and operation of the electrolyzer. For clarity purposes, all the layers of the PVTE system are not

shown and the components are not to scale.
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Fig. 2. (a) lllustration of the layered assembly of the PVTE system comprised of a PV module on top of an electrolyzer. (b) Magnified view of one electrolyzer unit cell with the

electrodes patterned on glass.

Table 1
Properties of each material used in COMSOL simulation [16,17].

Layer/material Density (kg/m?) Specific heat (J/kg/K) Thermal conductivity (W/m/K)
Glass 2203 703 1.38
EVA 950 3135 0.23
PV cells (Si) 2330 700 130
Tedlar 1200 1090 0.16
PDMS 970 1460 0.15

(FEA) simulations. We first estimated the temperature of the PV
cell, and the electrolyte temperature within and at the outlet of
the electrolyzer for ambient temperature and a fixed value of solar
flux. We systematically studied the effect of the chamber thickness
of the electrolyzer and velocity of the electrolyte (coolant) on these
temperatures. In the COMSOL simulations, all forms of heat trans-
fer were considered. The analysis was performed for a unit cell and
the cell was assumed to be infinitely long on each side and com-
pletely insulated. The absorbed heat due to the solar radiation
was assumed to be transported from the PV cell to the electrolyzer

via conduction. Heat dissipation to the surrounding was assumed
to occur by convection and thermal radiation.

The solar energy that is irradiated on to the PV cell is reflected,
absorbed, or transmitted. The absorption factor (A), the ratio of the
absorbed energy to incident solar irradiance, of the PV cell for both
crystalline silicon and thin-film solar cells plays an important role
in the thermal efficiency of PVT collector systems. The absorbed
solar energy that is not converted into electricity is transformed
into heat. The fraction of incident solar irradiance that is converted
into heat is called the effective absorption factor, which is given by
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Agr =A =1, (1)

where 1, is the electrical efficiency of the PV cell [18]. Typical values
for absorption factors and effective absorption factors can vary
between 70-90% and 60-80%, respectively [18]. For the simulations,
A was assumed to be 90% (highest value reported in the literature)
and #. to be 15% (typical efficiency of PV cells). At steady state, the
general heat conduction through the module is given by

V. (kVT) =0 2)

The heat loss by convection from the various surfaces of the
module to the environment is given by

Qeony = _hc A (Tsurface - Tamb) (3)

The average wind speed was assumed to be 1 m/s, which means
that the heat transfer coefficient h. is 6.5 W/m?/K [17]. The heat
loss by thermal radiation from the PV surface is given by
Graa = €0+ (Tougace — Tamp) (4)

surface —

The average surface emissivity of silicon € was assumed to be
0.85 and the Stefan-Boltzmann constant ¢ is 5.67 x 1078 W/m?/
K4 [18].

The conjugate heat transfer module in COMSOL allows analysis
of the phenomenon of forced convection between the electrolyte as
a heat carrier fluid and the high-temperature solar cell as a heat
source. The forced convection is described using the continuity
and momentum equations, and the heat transfer equation for the
electrolyte as follows:

V- (pu)=0 (5)
pu-Vu=Vp+ V- (WVu+ (Vu)") (6)
pCu-VT =V - (kVT) (7)

The initial temperature of the electrolyte was assumed to be
equal to the ambient temperature [19]. The flow through the elec-
trolyzer was assumed to be laminar and incompressible (based on
the flow rates and fluid properties).

2.3. Evaluation of overall performance

2.3.1. Electrical efficiency of the PV Module

The operating temperature of the PV cell influences its electrical
efficiency. Many parameters affect the temperature of the PV pan-
els, including the ambient temperature, the local wind speed, the
solar radiation flux, material properties, and the design of the PV
system. Different equations and correlation coefficients have been
proposed to estimate the electrical efficiency of the PV module as a
function of its temperature [20,21]. In this work we use the equa-
tion below:

Hev = Mpyref) |1 — Brer (T — Trep)] (8)

where #py s, is the module’s electrical efficiency at the reference
temperature (with a value of 0.15), $. is the temperature coeffi-
cient (0.0041), and T, is the reference temperature (25 °C) [20].

2.3.2. Energetic and exergetic efficiency of the PVTE module
An important parameter used to characterize the performance

of PVT systems is thermal efficiency (#¢hermar), Which is based on
the first law of thermodynamics, and is given by [19,22]:

E
Hthermat = fT 9

Er = Melectrolyte * Celectrolyte * ATelectrolyte (]O)

where Er is the thermal output power, E is the irradiation per unit
area, Meectrolyre 15 the mass of the electrolyte, Ceecrrolyee 1S the specific
heat of the electrolyte, and AT ecronte 1S the temperature difference
of the electrolyte entering and leaving the system.

The first law for thermodynamics can be used to estimate the
amount of energy contained in the system, but not the amount
of work performed on the external world (outside the system). A
temperature difference between the heat source and the heat sink
is necessary in order to extract energy as useful work, captured by
the second law of thermodynamics. This useful work is also called
exergy or available energy. The exergetic efficiency of system is
given by [23]:

T
Ethermal = (1 - T::f) * Nehermal (11)

where Ty is the ambient temperature and T, is the temperature
of the electrolyte leaving the electrolyzer. The equation to calculate

the exergetic output power, Ex;, is given as below [23]:

Ex, = Et<1 - TT‘""”> (12)

out

where E; is the thermal output power.

The expressions for overall energetic (1st law) and overall exer-
getic (2nd law) efficiencies of PVT systems are listed below,
respectively

HNpyr = Mpy + Mthermat (13)

epvr = &py + Ethermal (14)

where &py is assumed to be equivalent to 7, [23]. We used these
equations to calculate energetic and exergetic efficiencies in case
of our proposed PVTE system to be consistent with the terminology
in the literature.

On the other hand, the final temperature of the water in the
heat storage tank can be calculated simply from the equation
below [23]

dT .
M[Ctd—tt = (# of unit cell)Meecrrotyte Cetectrotyre (Tei — Tro)

+ (heAe) (Tamp — Tt) (15)

where M, C;, T, and A; are respectively the lumped mass, the
weighed-average specific heat capacity, temperature and the out-
side surface area of the water tank; T, and Ty, are the electrolyte
temperatures at the inlet and outlet of the tank; h; is the heat loss
coefficient at the outside surface of the tank.

2.3.3. Efficiency of hydrogen production

To initiate electrolysis of water, DC current is applied to two
electrodes separated by the electrolyte. Water decomposes into
hydrogen at the cathode and oxygen at the anode. Most of the
commercially available electrolyzers are alkaline, using concen-
trated KOH as the electrolyte [15]. The half reactions taking place
on the cathode and the anode in alkaline are given by

Cathode (reduction) : 2H,O (1) + 2e~ — H, (g) + 20H™ (aq) (16)

Anode (oxidation) : 20H™ (aq) — 1/20, (g) + H,0 (1) +2e~ (17)
The overall water splitting reaction via electrolysis is given by
H,0(aq) — 1/20; (g) + Hz(g) (18)

At standard conditions (25 °C and 1 bar), the splitting of water
is a non-spontaneous reaction. The amount of work required to
split water under these conditions equals the Gibbs free energy,
AG° =237 k]J/mol. In general, the minimum amount of work
required can be obtained using
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AG
zxF
where z is the number of electrons transferred per hydrogen mole-
cule (here z=2) and F is Faraday’s constant (96,485 C/mol) [24].

Water decomposition is an endothermic reaction where the
total amount of energy needed for water electrolysis is equivalent
to the change in enthalpy (AH° =286 kJ/mol). The remaining
energy to achieve AH° can be supplied via heat (TAS® =
AH° — AG®). Therefore the total energy demand can be expressed
by the thermo-neutral cell voltage as below:

AH
Un =~

Ureu = (19)

(20)

Total energy demand for both U, and Uy, change slightly with
temperature. At standard conditions (25°C and 1 bar)
Uy =1.229V and Uy, = 1.482V whereas at 80°C U, = 1.184V
and Uy, = 1.473V [24].

The overall efficiency of water electrolysis can be calculated
using the following equation [15]:

U’ 1.23V

rev __

Ucell Ucell

As the typical electric potential in alkaline electrolyzers is
higher than the thermoneutral voltage, water electrolysis is
accompanied by the release of heat. The rate of heat produced is
given by the following equation [24]:

Qgen =1Ix (Ucell - Uth) (22)

The anodic and cathodic overpotentials are affected by the tem-
perature of the electrodes and the electrolyzer. As the operating
temperature increases for a given current density, the overpoten-
tials decrease due to improved reaction kinetics at the electrodes
[25,26]. The commercial electrolyzer operates at the voltage of
1.8-2.0V and increasing the temperatures enables to improve
the current for hydrogen production. Within this voltage range
the efficiency of the electrolyzer varies between 70% and 60%
[15]. Hence advanced commercial water electrolyzers use external
heating to achieve operation at higher temperature [27]. Instead of
external heating, we use the heat generated by the PV module to
enable operation of the electrolyzer at elevated temperature. In
our simulations, we used empirical electrochemical data, and tem-
perature—potential relationships for a current flux of 25 mA/cm?
[27], so that 100 unit electrolyzers will produce ~1 L/h of H, gas
at standard temperature and pressure (STP). So we use the poten-
tial to be used in the calculation of the electrolysis efficiency (Eq.
(21)) at this same current density of 25 mA/cm? for the appropriate
temperature from the data in the work by Ulleberg [27]. In this
prior effort, the experiments were performed with a 30% KOH solu-
tion, a nickel oxide (NiO) diaphragm, anodes based upon nickel,
cobalt, and iron (Ni, Co, Fe), and a cathode based on nickel with a
platinum-activated carbon catalyst (Ni, C-Pt) [27].

(21)

nelectrolysis =

3. Results and discussion
3.1. COMSOL simulation and temperature distribution

We first estimated the change in the temperature throughout
the PV module and the electrolyzer using FEA simulations. The
velocity of the fluid, as expected, has a significant influence on
the temperature distribution within these structures. Fig. S1 (see
supplementary information) shows the steady state temperature
distributions in a 0.4 mm thick electrolyzer chamber operated at
two values of the electrolyte velocity within the chamber,
0.17 mm/s and 0.68 mm/s (75.6 pL/min and 302.4 pL/min), while
the PV cell is at an ambient temperature of 25 °C and being irradi-

ated at 1000 W/m?. For a velocity of 0.17 mm/s, a highest temper-
ature of 54.8 °C is reached at the top of the PV cell (top surface of
the module) while the temperature at the bottom of the module is
approximately 45 °C. The temperature of the electrolyte at the inlet
and at the outlet was 25 °C and 52 °C, respectively. The average
temperature of the electrolyte in the chamber was 53 °C. For a
velocity of 0.68 mm/s, the temperature of the glass layer, the elec-
trolyte in the chamber, and electrolyte at the outlet were 43 °C,
42 °C and 41.5 °C, respectively. So, these simulations indicate that
the average electrolyte temperature is 11 °C lower (42 °C vs. 53 °C)
when using the higher electrolyte velocity due to the lower resi-
dence time of the electrolyte in the electrolyzer.

Higher velocities of the coolant (electrolyte) lead to higher
waste heat recovery and allow the PV cells to operate at lower tem-
peratures and consequently higher electrical efficiency. On the
other hand, a lower electrolyte temperature slows down the elec-
trolysis reaction, resulting in lower hydrogen production effi-
ciency. The simulations reported in the next section seek to
identify conditions (electrolyte velocity, chamber thickness), that
lead to an optimal temperature distribution which in turn maxi-
mizes the overall system efficiency.

3.2. Optimization of chamber thickness and electrolyzer velocity

The overall PVTE efficiency (electrical, thermal and hydrogen
production) depends on the solar radiation, ambient temperature,
chamber thickness, and velocity in the chamber. The first two
parameters depend on the geographical location, time of the day,
date, and atmospheric conditions (e.g., weather), and are challeng-
ing to control. The last two parameters can be controlled through
design and operation of the PVT system, and their effects have been
investigated previously [9,28]. As expected, an increase in coolant
velocity improves the thermal recovery from the solar cell and
reduces the temperature difference between the inlet and the out-
let. Similarly, a configuration with a larger coolant channel diame-
ter but operated at the same linear flow velocity (so higher
volumetric flow velocity) allows more heat to be stored in the
fluid; however, the amount of useful work decreases.

In our optimization process, our objective was to maximize the
overall efficiency and our constraint was to ensure that the differ-
ence in the electrolyte temperature between the inlet and the out-
let exceeds 15 °C, a temperature difference needed to achieve the
desired doubling in the rate of hydrogen production, as is evident
from prior work by Ulleberg: an increase from 25 °C to 40 °C dou-
bles the rate of hydrogen production at a constant voltage [27].
Furthermore, connecting the data shown in Fig. 3a and b indicates
that we also should not use a temperature difference larger than
15°C: Any larger temperature difference for any given channel
diameter rapidly reduces the efficiency to a value (well) below
40%. Fig. S2 (see supplementary information) shows the flowchart
for this optimization indicating the equations used, the variables,
and the fixed parameters.

To evaluate the overall efficiency of the system, we considered
the efficiency of the PVT and the electrolysis process described by
the equation below:

Npvre = Npyr * ’/’electrolysis (23)

We performed the simulation on the entire system for different
chamber thicknesses and fluid velocities under standard test con-
ditions (irradiance of 1000 W/m? and 25 °C) to estimate the opti-
mum parameters. We varied the thickness of the chamber from
1.0 mm to 0.2 mm in our simulations, guided by prior work on
PEM water electrolyzers, which often have 1 mm high channels
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Fig. 3. Optimization of the thickness of the electrolyzer chamber and the
electrolyzer flow velocity under standard test conditions for radiation (1000 W/
m?) and ambient temperature (25 °C). (a) Temperature difference between the inlet
(ambient) and outlet (T,,) of the electrolyte as a function of flow velocity for
different chamber thicknesses (indicated in inset). (b) Overall PVTE efficiency
(npvre) as a function of flow velocity for different chamber thicknesses. The data
points in orange with black outlines indicate those parameters that result in the
temperature difference being greater than 15 °C (above the dashed line in Fig. 3(a)).

to allow for higher rates of gas removal and bubble management in
stacks of the cells [29,30]. The linear flow velocity values in the
chamber were varied between ~0.3 mm/s and ~2.0 mm)/s.

Fig. 3(a) shows the temperature difference between the inlet
and the outlet of the electrolyte (T,u — Tamp), as a function of elec-
trolyte flow velocity for different chamber thickness. The temper-
ature difference decreases (i) with increasing flow rate due to the
lower residence time, and (ii) with increasing chamber thickness
due to the higher heat capacity of the fluid. A maximum tempera-
ture difference of 27 °C was observed for a velocity of 0.34 mm/s
when using a 0.2 mm thick chamber. An increase of 15 °C in the
temperature of the fluid between the inlet and outlet at the radia-
tion of 1000 W/m? provides a thermal efficiency between 40% and
50%, which is in the range of thermal efficiency for PVT systems
[31]. On the other hand, this temperature increment leads to dou-
ble the rate of hydrogen production at a constant voltage [27]. Thus
the data points above the dashed line in Fig. 3(a) satisfy our first
objective of the optimization process. Note that using a higher
electrolyte velocity or taller chambers will lead to higher overall
efficiency (Fig. 3(b)), but lower hydrogen production due to a

smaller temperature difference between the inlet and the outlet.
As the aim of the proposed PVTE system is to maximize both over-
all efficiency (so it becomes comparable to those of PVT systems)
and hydrogen production, we applied a design constraint on the
minimum allowable temperature difference.

Fig. 3(b) shows the overall efficiency (#py7) as a function of the
electrolyte flow velocity for different values of chamber thickness.
The overall efficiency increases significantly upon increasing the
electrolyte velocity and/or the chamber thickness. Higher elec-
trolyte flow velocities lead to better heat removal, hence a lower
operation temperature of the PV module, thus enhancing its effi-
ciency. This effect seems to dominate over the increase in the effi-
ciency of the electrolysis process when operating at lower flow
velocities (resulting in a higher electrolyte temperature and thus
better kinetics in the electrolyzer). Similarly, an increase in cham-
ber thickness enhances the capacity for heat removal (higher volu-
metric flow rate of electrolyte), which in turn leads to a lower
temperature of the PV module.

The data points above the dashed line in Fig. 3(a) are marked
with orange with black outlines in Fig. 3(b); these data points cor-
respond to the parameter values for which the temperature differ-
ence exceeds 15 °C. Constrained by the condition of a minimum
temperature difference of 15 °C, a maximum overall efficiency of
43% can be achieved when using a chamber thickness of 0.4 mm
and operating at an electrolyte velocity of 1.36 mm/s. Naturally,
different values of solar radiation and ambient temperature may
lead to different optimum values for these parameters, yet the
observed trends are expected to remain the same. In the following
sections, we will use the identified optimum values of the chamber
thickness (0.4 mm) and fluid velocity (1.36 mm/s) to estimate the
hourly and annually efficiency of the PVTE system.

3.3. Hourly variations of PVTE efficiency

To evaluate the practical feasibility of the PVTE system, we exam-
ined the hourly performance of the PVTE system using solar radia-
tion and temperature data from Phoenix, AR in May 2010 [32].
This data was chosen because this location is designated as Class I
by the U.S. Department of Energy’s (DOE) National Renewable
Energy Laboratory (NREL), meaning that the solar radiation and tem-
perature values are complete and highly accurate [32]. We used the
optimized values for the chamber thickness and the velocity,
0.4 mm and 1.36 mm/s, respectively. Fig. 4(a) represents the aver-
age hourly radiation and ambient temperature data, along with
the simulated temperatures of the PV cell in the presence and
absence of the electrolyzer. As expected the temperatures of the
PV cell within the PVTE and the stand-alone PV cell peaked at noon,
at temperatures of 65.3 °C and 48.7 °C respectively. More impor-
tantly, addition of the electrolyzer reduced the temperature of the
PV system with the maximum reduction (~17 °C decrease) occur-
ring at noon [6,33]. The electrical efficiencies of these PV cells are
shown in Fig. 4(b). The PV cell embedded in PVTE performed better
than the stand-alone PV cell due to the active cooling of the PV cells
by electrolyzer. The improvement in the electrical efficiency was
most significant at noon time. Fig. 4(b) also shows (right vertical
axis) the gain in electrical power output when the PVTE module is
used instead of the stand-alone PV module. For monocrystalline
and polycrystalline cells, the electrical power output efficiency
decreases by 0.5% per °C temperature increase [34]. Hence, a reduc-
tion of ~17 °C of the PVTE compared to the stand-alone PV module
led to an improvement of ~8% in power output efficiency.

The overall PVTE efficiencies calculated based on 1st (Eq. (13))
and 2nd (Eq. (14)) law are shown in Fig. 4(c). As explained before,
the 1st law represents the heat gain from the system whereas the
2nd law indicates the work potential. Although the amount of heat
recovery increased for the solar cell at noon, the energetic PVTE effi-
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Fig. 4. Hourly variations in temperatures of the PV modules and the various efficiencies based on actual data from May 21, 2010 for Phoenix, AR [32]. (a) Average hourly
radiation and ambient temperature data in May, along with the temperatures of the PV module integrated within the PVTE system and a stand-alone PV module. (b) Average
hourly variations in the electrical efficiency of the PV module for the PVTE and the stand-alone PV panel. The relative power output gain (right axis) represents the percentage
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right axis) efficiencies of the PVTE systems (sum of electrical and thermal). (d) Average hourly variations in H, production efficiency of the electrolyzer of the PVTE system and
of the electrolyzer operating at ambient temperatures. The relative increase factor (right axis) represents the increase in the amount of H, production of the PVTE operating at

a higher temperature instead of an electrolyzer operating at ambient temperature.

ciency decreased from 60% to 56% due to heat loss from the system.
Of this 4% drop in efficiency, 2.5% resulted from a decrease in waste
heat recovery and 1.5% from a decrease in electrical efficiency. On
the other hand, the exergetic PVTE efficiency peaked at noon even
as the electrical efficiency decreased, because the work potential
increased. The temperature difference between the inlet and outlet
of the electrolyzer is the key parameter for exergetic thermal effi-
ciency, and peaks at ~17 °C at noon, evident from Fig. 4(a).

Fig. 4(d) compares the hydrogen production efficiency at the
actual temperature in the PVTE module (see Fig. 4(a)) and at ambi-
ent temperature, as a function of the hour of the day. Again, as
expected, the hydrogen production efficiency peaked at noon
because the temperature of the PV module (~48 °C) and conse-
quently of the electrolyzer was highest at that time. Furthermore,
the higher operating temperatures of the electrolyzer within the
PVTE module led to a higher efficiency of hydrogen production
compared to the efficiency of the same electrolyzer operating at
ambient temperature. The increase in hydrogen production effi-
ciency peaked at noon time, 78% for the electrolyzer within the
PVTE compared to 74% for the electrolyzer at ambient temperature.
The right vertical axis of Fig. 4(d) shows the extent by which the
hydrogen production increases when operating the electrolyzer

within the PVTE (and thus at higher temperature) as opposed to
electrolyzer at ambient temperature. When the hydrogen produc-
tion rate was 25 mA/cm?, the efficiency was 74% when the elec-
trolyzer operated at ambient temperature of 28 °C. Within the
PVTE, the waste heat from the PV module resulted in an increase
in the electrolyzer temperature to ~48 °C, which led to increase
in the hydrogen production rate to 60 mA/cm? for the same applied
potential [27], an almost 2.5-fold increase in hydrogen production.

3.4. Monthly variations of PVTE efficiency

Similar to the hourly analysis in the previous sub-section, we
examined the monthly variations in the electrical, thermal, and
hydrogen production efficiencies using the climate data for Phoe-
nix, AZ from 2010 [32]. All data shown in Fig. 5 represent the aver-
age values for the efficiencies for each month. Fig. 5(a) indicates
that the electrical efficiency and the power output of the PV mod-
ule within the PVTE system were higher than the corresponding
values for a stand-alone PV because of the enhanced waste heat
removal in the PVTE system. The electrical efficiency decreased
during summer months due to the higher ambient temperatures
causing an increase in the temperature of the PV module. In certain
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Fig. 5. Monthly variations in the different efficiencies based on data for Phoenix, AR in 2010. (a) Average monthly variations in the electrical efficiency of the PV module for
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temperature. (d) Average monthly thermal gain of the PVTE system based on the 1st law (left axis) and the 2nd law (right axis).

summer months the improvement in electrical efficiency of the
PVTE compared to a stand-alone PV led to an increase of more than
5% in the average power output. The gain is higher during summer
because the effect of active cooling by the electrolyzer (reducing
the temperature of the PV module) is more dominant when the
ambient temperature is higher.

Both the energetic and exergetic efficiencies of the PVTE
decreased during summer (Fig. 5(b)), mainly because the higher
ambient temperature during the summer leads to a decrease in
the difference between the electrolyte and ambient temperature.
Although the flow rate can be increased to increase the thermal
gain and reduce the operating temperature of PV cell, this increase
in flow rate will decrease the efficiency of the electrolysis process
and the exergetic efficiency, which in turn will adversely affect the
overall efficiency of the system. The energetic and exergetic energy
values for the thermal gain increased during summer months
(Fig. 5(d)), even though the energetic and exergetic PVTE efficien-
cies decreased. Overall, the energetic efficiencies of the PVTE sys-
tem varied between 56% and 59% during the year, which is
comparable to the values reported previously for PVT systems
(52-58%) [12].

We also estimated the monthly variations in the hydrogen pro-
duction efficiency and the factor by which it increases as a function
of operation temperature (Fig. 5(c)). The analysis results show that
the higher solar radiation and higher ambient temperature in the
summer months has a positive effect on the efficiency of hydrogen
production, with the highest efficiency value obtained in the month
of July for both the integrated PVTE system and the electrolyzer
alone when operating at ambient temperature. The gain in efficiency
of H, production in the PVTE system compared to that in an elec-
trolyzer at ambient temperatures was higher from June to Septem-
ber as a result of higher electrolyte temperatures in the PVTE
system. More importantly, this analysis shows that the amount of
H, produced in the PVTE system was at least 2-fold higher for seven
months of the year compared to the amount of H, produced in the
electrolyzer alone, when operating at ambient temperatures.

4. Conclusion

This paper reported an energetic analysis of a photovoltaic sys-
tem that integrates a photovoltaic (PV) module with an elec-
trolyzer, referred to as a photovoltaic thermal water electrolyzer
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(PVTE). Active cooling of the PV module by the electrolyte in the
electrolyzer reduces the temperature of the PV module and conse-
quently increases the electrical efficiency. The heat absorbed by
the electrolyte enhances the reaction kinetics of the electrolysis
process leading to more efficient production of hydrogen.

We used FEA simulations to optimize the geometry (specifically
electrolyzer dimensions) and operating conditions (specifically
electrolyte flow rate) to maximize the overall energy efficiency of
the PVTE system and the amount of hydrogen produced. Then we
used the optimized geometry and operating conditions to perform
a comprehensive energy analysis (daily and annually) using solar
radiation and ambient temperature data from Phoenix, Arizona.
The improvement in power output gain of the PVTE system com-
pared to a stand-alone PV module was highest during afternoon
and during summer months, when the ambient temperatures are
the highest. Similarly, the increase in the amount of hydrogen pro-
duction of the PVTE system compared to an electrolyzer operating
at ambient temperature was highest during afternoon and during
summer months.

Overall the use of PVTE system to generate hydrogen provides a
more useful, versatile and efficient way to utilize the removed
waste heat compared to current PVT systems. In addition to the
water and/or room heating, the produced hydrogen can be used
for other energy applications, such as powering fuel cell-based
cars. The inclusion of additional elements for electrolysis (elec-
trodes, voltage source, etc.) in the PVTE system will increase the
complexity and cost compared to current PVT system. The added
benefit of hydrogen production, however, is expected to compen-
sate for the increased cost and complexity [35,36].

In the current analysis, we assumed a constant flow rate of the
electrolyzer. The flow rate, however, can be regulated based on
active feedback from a thermometer and pyrheliometer that mea-
sure the temperature of the PVTE system and the solar radiation
value, respectively. As flow rate determines the time scale of heat
transfer and consequently the temperatures at various locations of
the PVTE system, active feedback control of the flow rate will
enable control over the individual output efficiencies depending
on time of the day and/or year, e.g., higher thermal output during
winter or higher electrolysis output during summer.
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