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Abstract

This study analyzes the behavior of hybrid systems composed of photovoltaic (PV) panels and phase-
change materials (PCMs) under solar concentration conditions, aiming to generate electric and thermal
energy in water simultaneously (cogeneration). This work looks for system performance improvement
while increasing the generated power and energy by the PV panel and the thermal system in unison. The
study shows the increase in power and energy delivered by the prototype compared to the power supply
by conventional configuration without solar concentration. Likewise, the work evaluates the PV panel's
electric energy efficiency and the thermal system performance as a single and combined system. The
hybrid PV-PCM-heat exchanger system operates in high-efficiency mode, with typical performance up
to 2.1 times higher for the PV panel and 107% more global energy generation. The hybrid system
coefficient of performance (COP) evolves from a minimum of 1.017 for standard solar concentration
ratio (Cy = 1) to a maximum of 1.283 for C = 3.0; the COP value may rise to 3.5 for solar concentration
ratio of 20, matching the performance of the highest efficiency conversion systems.

Keywords: Electric and thermal energy cogeneration, hybrid energy generation system photovoltaic—
phase change material (PCM)-heat exchange device, efficiency improvement, coefficient of performance

INTRODUCTION

Within the broad field of renewable energies, many justified criticisms arise today, mainly the low
energy density they have compared to energy sources of fossil origin [1-3]. We can mention the
considerable number of wind turbines required and the surface area necessary to generate the same
power as a conventional thermal plant. Various environmental groups are against this type of technology
because of the wildland amount they can occupy and the impact on animals and the environment [4—7].
Solar photovoltaic (PV) panels can also represent an impact on wildlife, but there are already efforts to
mitigate it at low levels [8—12].

Another characteristic problem of renewable energies is their intermittency. It is not necessary to
have meteorological knowledge to know that a wind farm cannot produce at any power level if there
are no strong winds, a solar power plant does not generate electricity at night, and hydroelectric power
plants do not generate power if there is a drought or low water level [13—16]. Supply based on dependent
sources of resources whose availability is beyond
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can easily exceed 70°C [24]. It is a well-known fact in the field of renewable energies that PV panels
work in optimal conditions at the nominal operating temperature of cell (NOTC) point, which is usually
the standard ambient temperature of 20°C [25]. If the temperature increases, the panel efficiency
gradually decreases due to the complexity of its electronic components and the properties of its
semiconductor materials, representing significant losses regarding the total daily production [21, 26-28].

PV panel efficiency drop is due to the voltage dependence on temperature [29]. Experimental tests
show that voltage is inversely proportional to temperature. When the temperature of a PV cell increases,
the current-voltage curve of that cell denotes a drastic drop in the maximum voltage, resulting in a
decrease in the maximum power point. Although the current shows the opposite effect, increasing
proportionally to the temperature, the gain is too small to compensate for the voltage losses [30].

Within the experimental field of PV technologies, cooling methods for the panels look to maintain
constant and low temperatures to prevent losses such as water cooling, the most accessible and least
polluting refrigerant [31-38]. However, they usually require high investment costs and involve large
consumption of water resources. Another cooling medium for PV panels is thermal dissipation tapes,
although they are in limited development [39, 40].

A technology with higher development at an experimental level is phase-change materials (PCMs).
These substances are of the paraffin family, whose melting point is close to the temperature values
reached by the PV cells during the day [41]. Containers filled with these are installed under the solar
collectors to absorb the heat accumulated on their surfaces through conduction. When paraffin changes
state, its absorption capacity increases significantly due to the latent heat. Likewise, thanks to how easy
it is to reverse their state when applying external thermal energy sources, PCMs are considered popular
thermal energy storage media [42].

Regarding thermal storage capacity, PCMs are valid as refrigerants and heat sources for different
processes [43—45]. Among others, food processing, pharmaceutical, and textile industries require hot
water for process development. Using wasted heat that harms PV production as an additional renewable
resource is an opportunity that merits detailed study. The heat flow from polluting sources such as diesel
or coal would instead come from a zero-emission and unlimited source such as solar energy [46, 47].

Heat recovery systems always require two inlets and outlets where both fluids present in the exchange
of thermal energy interact through convection and conduction without coming into contact [48, 49].
Nevertheless, in PCM systems, the mechanism is less complex than in flat plate or tube shell
configurations. The water cycle to be heated would pass through a duct that would cross the paraffin
container without coming into contact with them so that it simultaneously serves as their coolant [50-52].

FUNDAMENTALS
Solar Concentration

The solar radiation level on the Earth's surface depends on weather conditions, which reduces the
extraterrestrial intensity to a lower value. Since solar radiation absorption depends on the atmospheric
particle composition and concentration, the surface intensity is variable; therefore, the solar radiation
international community adopts an average value of 1000 W/m?, known as the solar constant, equivalent
to one Sun [53].

Nevertheless, thanks to light concentration technologies, we may increase the light incident on a
surface above the solar constant value (Sun). Solar thermal plants use large reflecting surfaces, whether
parabolic troughs or large mirrors, pointing at a target with a smaller surface area to drastically increase
the temperature of their heat transfer fluid. On the other hand, concentrated PV solar panels use
magnifying lenses and curved mirrors on the photovoltaic surface to produce the same or more than a
conventional PV panel [54].
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The following equations show the effects of concentrated solar radiation on the characteristic
parameters of a photovoltaic cell or panel [55]:
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where Isc and Voc are the short circuit current and open circuit voltage, k is the Boltzmann constant,
T is the Kelvin temperature, ¢ is the electron charge, FF is the fill factor, # is the efficiency, and C is
the solar concentration ratio.

Heat Transfer

In a hybrid system consisting of a PV panel, a PCM device, and a heat exchanger, the heat transfer
process occurs by conduction. Although there are quite a few formulas for calculating the energy
transmitted by conduction based on the geometry of the system, the general formula takes the following
form (Fourier's law) [56]:
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If we deal with finite instead of infinitesimal elements:

. AT

ch =—KkA T (6)

where « is the material thermal conductivity, A is the heat transfer cross-section, A7 is the differential
temperature across the heat transfer element, and L is the material thickness. Subscript cd accounts for
conduction.

Heat exchange between PCM and heat exchanger wall occurs through convection; therefore, the
following equation applies:

Q. =hAAT (7)

where & represents the convection coefficient.

If two working fluids are involved in the heat transfer process:

= AT, —AT,
0. =UA T ®)
AT,

where U is the global heat transfer coefficient. Subscripts 1 and 2 account for the two involved fluids,
and cv for convection.

The differential temperature for every working fluid depends on the flow type, parallel or counter
flow: this latter mode is more effective, reducing the heat exchange area and contact length. Likewise,
the convection heat transfer mode does not apply if the PCM remains solid.
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On the other hand, PV panels exchange thermal energy with the surroundings through radiation,
according to:

Q.4 = €Ay (T;v _]Z::nb) )]

where ¢ is the Boltzmann constant, ¢ is the PV panel surface emissivity, A is the front area, and T is
the temperature in Kelvin. Subscripts F'V and amb account for PV panel and ambient, respectively.

Phase Change Material

PCMs stand out from other thermal energy absorption materials thanks to their latent heat absorption
capacity. On the other hand, when solidifying, the process reverses, and thermal energy is released,
facilitating heat exchange in a heat exchange cycle with water. Since each PCM has different chemical
properties, it is relevant to know the conditions of the PV panels before opting for an alternative,
considering its price [57].

Taking into account the purpose of using a PCM, the most relevant thermal properties when selecting
one are the specific heat and enthalpy in both states, a high thermal conductivity to facilitate the
exchange of thermal energy with the PV panel, and the cycle of water, and a melting point that must be
at a reduced temperature or temperature range that meets the needs of the panel. Likewise, there are
many physical-chemical properties to consider: little or no variation in the specific volume of the PCM
in both states to reduce the complexity in sizing, chemical stability of the material to prevent irreversible
changes in it and thus avoid the alteration of its thermal properties, and total reversibility in the phase
change process, which can only be dependent on temperature [58].

The PCM selected in this study was paraffin wax. Paraffin is an organic substance obtained through
the dewaxing of mineral oils during petroleum refining. They are known as safe materials, easy to
handle, and cheap. However, they can burn to a lesser extent, usually have a low thermal conductivity,
are unsuitable for plastic containers' storage, and their specific volume increases considerably during
the phase change. Compared to non-paraffin organic PCMs (alcohols, glycols, fatty acids, etc.), they
have lower chemical durability and higher corrosion effects but are less toxic and unstable [42]. Being
organic materials, they do not have an exact melting point as water or metals would have, but rather a
specific range that depends on the nature and characteristics of the PCM.

Coefficient of Performance

The coefficient of performance (COP) allows knowing the effectiveness of a thermodynamic system,
generally heat pumps or refrigeration systems, in producing work regarding the energy consumed. We
define COP as the ratio of energy obtained based on the supplied power from external systems [59].

Cogeneration

The cogeneration process consists of two or more energy types' generation from a single power
source; in our case, solar radiation is the power supply, and electric and thermal energy are the generated
energy types. In our case, electric energy generation proceeds from the photovoltaic conversion of solar
radiation, while thermal energy results from the PV panel heat removal.

Cogeneration is an efficient process that uses a power source since it uses the energy losses from the
principal power conversion process to generate a secondary energy type, improving the global energy
conversion process. Mathematically, we define the cogeneration efficiency as:

W _+W
_ pr aux
nc'()g - . (10)
4

5
.

where W represents the power with subscript s accounting for the power source and pr and aux for
the principal and auxiliary energy generation type, respectively.
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Compared to a single power conversion process, we have:

7700 Waux
n,=—t =1+ (11)
n, 1.4

We observe that the efficiency ratio increases with the auxiliary energy generation.
Applying the energy conservation principle:

aux

W, =W +W, +W, (12)

where W, represents the energy losses of the global process.

Combining Equations 10 and 12:

W
Mooy = 1= (13)
Wp,+Wm+WL

The analysis of Equation 13 shows that the cogeneration process efficiency tends to be unity as the
energy losses lower.

In terms of energy conservation, the efficiency ratio becomes:

W Wpr + Wawc

S

n, = (14)

W./S—W —W./L W.p,+W;M+WL

aux
If energy losses tend to zero:

1
n=—v 7+ (15)
LW,/ W,

Analyzing Equation 15, we realize that the efficiency ratio increases with the auxiliary energy generation.

Considering the auxiliary energy generation as a fraction of the power source:

1
= 16
n=1Tg (16)
with
F=w, /W, (17)

Therefore, for negligible energy losses, the cogeneration efficiency ratio evolves with auxiliary
energy generation, as shown in Figure 1.

EXPERIMENTAL DEVICE AND RESULTS

The experimental device for testing consists of a 21 Wp PV panel illuminated by a solar lamp that
produces variable solar radiation depending on the distance to the panel and voltage supply. The
reference value is 1022 W/m? at maximum input voltage, 230 V, and 25 c¢m distance. Lower input
voltages or longer distances produce solar radiation on the panel surface below 1000 W/m?, which is
out of the focus of this work. Figure 2 shows the evolution of solar radiation on the PV panel front
surface for variable input voltage and distance.
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Figure 1. Cogeneration efficiency ratio versus auxiliary energy generation fraction.
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Figure 2. Solar radiation on the photovoltaic (PV) panel for variable input voltage
and distance from solar radiation lamp. Solid line: 15 cm; dashed line: 20 cm.

We observe that we achieve a maximum solar radiation of 3128 W/m?, corresponding to the solar
concentration ratio of 3.13.

Since evaluating the system performance in the entire solar radiation range is time-consuming, we
determine the system operational characteristics for a solar concentration ratio between Cx = 1 and
Cx=3.01n 0.5 steps. Cx represents the solar concentration ratio defined as the ratio of current to standard
solar radiation at sea level.

The first step is to determine the PV panel maximum power for every solar concentration ratio. For
the five selected solar concentration ratios, we obtain the following results (Table 1).

Table 1. Photovoltaic (PV) panel steady state temperature for variable
solar concentration.

Cx 1.0 1.5 2.0 2.5 3.0
T (°C) (th) 67.8 86.0 104.3 122.5 140.8
T (°C) (exp) 68.5 86.5 105.0 123.0 141.5
Deviation (%) 1.0 0.6 0.7 0.4 0.5
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Correlating the experimental data to the expression developed in a previous work [60]:
T, = 0.0365Gef +31.280 (R*=0.970) (18)

We realize the deviation is within 1%, proving the validity of the theoretical expression and the
experimental results.

We manufactured the PCM device as a thick paraffin layer attached to the PV panel's rear side. The
PCM is in direct contact with the PV panel, only allowing conduction heat transfer. The paraffin type
used as PCM operates at a phase change temperature around 64°C, although phase change starts at 56°C
and ends at 72°C. The wide temperature range for the phase change is due to the mixed organic
composition, making the paraffin change phase at a variable temperature depending on every paraffin
single organic compound.

Considering 64°C as the reference phase change temperature for the PCM, we notice that all solar
concentration cases produce a higher PV panel steady state temperature, meaning that the PCM
completely melts and is heated in the liquid phase, gaining temperature.

Heat Generation
Since we intend to operate the PV panel at a constant temperature, once the PCM melts, we have to
remove the energy flow from the PV panel. Applying a thermal energy balance:

AT,

PCM

At

19)

L] L]
Opy = QPCM = Mpcy Cpem

Once the system reaches the steady state, the PCM does not change its temperature, and the term
ATPCM becomes null, which is inconsistent with the heat transfer process; therefore, we should express
the heat flow as a function of the temperature evolution of PCM during the PV panel heating. The
energy balance in Equation 19 converts into:

TPCM d _TPCM i out  Lwi
m c e ,in — F mwcw w,ou w,in 20
rcm b pcm A R At (20)
Or:
TPCM end TPCM in )
mPCM CPCM : At — = FR on cw (Tw,out _Tw,in) (21)

Equation 21 shows the energy balance between the PCM and the water flow circulating through a heat
exchanger incrusted in the PCM. m is the mass, c is the specific heat, T is the temperature, and ¢ is the
time. Subscripts PCM and w account for the PCM material and water respectively, end and in correspond
to the ending and initial time, respectively, of the PCM heat transfer process from PV panel to PCM, and
in and out are the water inlet and outlet temperature at the heat exchanger, respectively. Fr represents the

heat transfer coefficient between PCM and water at the heat exchanger and m,, is the water flow.

We determine the heat transfer coefficient for the operating conditions using a calibrated heat
exchanger of the type shown in Figure 3.

The heat transfer coefficient value derives from the expression:

AT . v
IV =mc,—r=Fym;c (T,,-T,)—> F, =~ (22)

mg Cf (T;ul _Zn)

When the fluid circulates through the heat exchanger, its temperature increases, extracting heat from
the tank water and reducing its temperature. If we supply electric energy to the tank water to compensate
for the temperature drop, Equation 22 applies.
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Figure 3. Heat exchange coefficient measurement device.

We design a heat exchange device similar to the PCM-heat exchanger in the experimental system
with the only difference of using water in the heat exchanger container instead of a PCM. We apply a
current of 1.1 A at 12 Vpc for a water flow of 8 I/min for a temperature gain of 25°C; using Equation
22, we have:

_ (1.1)(12) 0,95 (23)
" (1.33x107)(4180)(25)

Since we measure electric voltage and current with high accuracy, the precision in determining the
heat transfer coefficient depends on the accuracy determination of fluid flow, specific heat, and
temperature. Applying the error theory:

out L

(1AV +VAI)[1;1,« ¢, (T Tn)T

AF'R
7 = " (24)
R . Ac, * ° ;
(IV)2 Aomf Cf (’Z:mt _T;n ) + 7fmf (T‘out _T;n ) + mf Cf % + %
c T T
my f out in
Applying measured and accuracy values for every magnitude results in:
AF, [(1.1)(0.001) + (12)(0.001)][ (1.33x10)(4180) (25)]2 .
F, (132) [(0.0125)(4180)(25) +(0.001) (1.33x107)(25) +(1.33x107) (4180) (0.002 + 0.002)] B
(25)

The high accuracy, almost 100%, in determining the heat transfer coefficient warranties the quality
of the value.

PCM tends to match PV panel temperature due to heat transfer; however, since the heat exchanger
removes thermal energy from the PCM, the steady state temperature corresponds to a lower value
depending on the heat exchange between PCM and water at the heat exchanger.

Because one of the goals of attaching a PCM to a PV panel is to maintain a constant temperature to
operate the PV panel at constant efficiency, we regulate the water flow across the heat exchanger to
keep the PCM temperature within phase change limits.
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Table 2. Photovoltaic (PV) to phase change material (PCM) heat flow for
variable solar concentration

Cx 1.0 1.5 2.0 2.5 3.0
AT (°C) 45 225 41.0 59.0 715
At (3)(x10°) 16 11 9.5 8.5 7.0
QPCM W) 1.77 12.89 27.19 43.73 69.75

Table 3. Phase change material (PCM) to water heat flow for variable solar

concentration
Cx 1.0 1.5 2.0 2.5 3.0
éPCM W) 1.68 12.24 25.83 41.54 66.26

Considering the PCM phase change temperature is 64°C, as mentioned before, using data from
Table 1, considering the water density remains constant at 1000 kg/m?, and applying Equation 18, we
have (Table 2).

Correlating heat flow to solar concentration ratio, we obtain:

0,0y =9.1569C? ~3.2676C_—3.6053 (R* =0.9983) (26)

Equation 26 provides the heat flow from the PV panel to PCM as a function of the solar concentration
ratio.

Considering the heat transfer coefficient remains constant, the heat flow from PCM to water at the
heat exchanger is as given in Table 3.

Electricity Generation

We determine the electricity generation from the photovoltaic panel for variable solar concentration
ratio, measuring the output voltage and current at the maximum power point (MPP). To this goal, we
connect the PV panel to a maximum power point tracking (MPPT) device and the MPPT to a continuous
current power analyzer, which supplies voltage, current, and power. Table 4 shows the results for the
operating solar concentration ratio.

We may determine the PV panel efficiency improvement due to the cogeneration process analyzing
the combined PV output power, electric and thermal. Combining results from Tables 2 and 4, we obtain
the PV output power generation for the operating solar concentration ratio (Table 5).

Since the PV panel front area is 0.1 m?, the photovoltaic conversion efficiency is (Table 6).

Table 4. Photovoltaic (PV) maximum power generation.
Cx 1.0 1.5 2.0 2.5 3.0

Ppv (W) 21.6 324 47.0 54.4 63.0

Table 5. Global power generation.
Cx 1.0 1.5 2.0 2.5 3.0

Ppv (W) 23.37 45.29 74.19 98.13 132.75

Table 6. Photovoltaic (PV) efficiency.
Cx 1.0 1.5 2.0 2.5 3.0
nev (W) 0.234 0.302 0.371 0.393 0.443
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Table 7. Photovoltaic (PV) efficiency improvement ratio.
Cx 1.0 1.5 2.0 2.5 3.0
r 1.113 1.438 1.766 1.869 2.107

The following equation applies:

P

— out 27
Mpy cGsS ©2))

P, is the maximum PV output power, G is the solar radiation, and S is the PV panel front area.

Analyzing data from Table 6, we observe that PV efficiency increases with solar concentration ratio
due to the cogeneration process. The PV efficiency ratio evolution with solar concentration ratio,
considering an efficiency reference value of 21% for standard conditions, Cx = 1, is as given in Table 7.
The results from Table 7 show that we improved the PV efficiency by more than 100% when operating
at a solar concentration ratio of Cx = 3.0.

If we correlate PV panel efficiency to solar concentration ratio, it results in:
r, =0.8912InC,+1.1037 (R*=0.99) (28)

Equation 28 shows the PV panel efficiency improves with the cogeneration process in a logarithmic
way with a solar concentration ratio.

Coefficient of Performance

Regarding the PV panel efficiency, the cogeneration process increases the value due to the heat
generation. Applying Equations 15 and 16 and using values from Table 3, we obtain (Table 8). The
correlation between COP and C, results in a linear dependence, as shown in the following expression:

COP =0.1286C, +0.8901 (R*=0.9941) (29)

Analyzing results from Table 8, we observe that the cogeneration process increases the global efficiency
up to 28.3% for the maximum solar concentration ratio. This value, however, raises linearly with the Cx
value, as shown in equation 29; extrapolating for higher concentration ratios, we obtain (Figure 4).

Table 8. Coefficient of performance (COP).
Cx 1.0 1.5 2.0 2.5 3.0
COP 1.017 1.089 1.148 1.199 1.283

4
35
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Figure 4. Evolution of the coefficient of performance (COP) for a photovoltaic—phase
change material (PV-PCM) cogeneration system with solar concentration ratio.
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We realize that the PV-PCM system, operating under cogeneration mode, may reach a COP close to
3.5 for a solar concentration ratio of 20; this COP value matches the heat pump system for refrigeration
mode, which is one the most efficient systems in the conversion energy field.

CONCLUSION

The heat generation removal in concentrated solar radiation photovoltaic panels combined with
thermal energy generation improves the PV panel efficiency and increases global energy generation.
Photovoltaic panel efficiency increases up to 2.1 times for a solar concentration ratio of 3.0 when
operating under cogeneration mode through an attached thermal energy generator. The PV panel
efficiency ratio increase depends on the solar concentration ratio in a logarithmic way with 99%
accuracy. This high correlation between PV panel efficiency and solar concentration ratio allows an
accurate prediction of efficiency improvement for higher solar concentration ratios.

The cogeneration process in a hybrid PV panel-PCM-heat exchanger system increases the global
power generation up to two times the electric generation at the PV panel for a solar concentration of
3.0; this value represents an effective energy gain of 107%. The thermal energy generated by removing
the enthalpy excess in the PV panel depends on the solar concentration ratio through a second-degree
polynomial function with 99.8% accuracy.

The hybrid system COP evolves from a minimum of 1.017 to a maximum of 1.283 within the
operating range of the solar concentration ratio, Cx = 1 to Cx = 3. The COP increases linearly with the
solar concentration ratio, reaching a value of 3.5 for Cx = 20; this COP value matches the highest
efficiency of the most efficient energy conversion devices.
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