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This work aims to optimize the design and operation of a heat pipe
photovoltaic-thermal (HP-PV/T) panel integrated with a phase change mate-
rial (PCM) thermal storage water tank to produce electricity and hot water
for an office building. A transient mathematical model for the integrated HP-
PV/T-PCM system was used to predict its performance for known environ-
mental and solar conditions and PCM melting point. The validated model
was applied on a typical office space in the city of Beirut to obtain an opti-
mal design using a derivative free genetic algorithm. The incremental system
cost associated with a heat pipe and PCM tank was used in the optimization
to obtain a design resulting in minimum annual auxiliary heating cost to
meet the hot water demand while providing the electricity needs at a lower
number of PV panels due to improved efficiency. An optimal system of
4kW (20 PV panels each at 1.6 m?) was found to meet the electric power
needs all year round. The optimal PCM storage tank size per panel was 371
at PCM total mass of 22.42kg with melting temperature of 33°C. © 2016
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4943091]

NOMENCLATURE

A area, m?

C cost, $

D diameter, m

E output electricity, W/m?>

G solar radiation intensity, W/m?
h heat-transfer coefficient, W/m? K
Nmewing heat of melting, J/kg

HP heat pipe

J objective function

m mass flow rate, kg/s

M mass, kg

n number

PCM  phase change material

PVIT  photovoltaic/thermal

R thermal resistance, K/W

t time (s)

T temperature, °C
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X lateral direction of heat pipe fin plate
X PCM liquid fraction

Greek symbols

n efficiency

1. INTRODUCTION

Photovoltaic thermal (PV/T) panels offer the advantage of providing both high-grade elec-
trical energy and low-grade thermal energy.'™” The increased electrical energy due to cell cool-
ing makes the PV/T an attractive alternative to conventional electricity and makes the panels
more cost competitive since increased energy yield means a shorter payback period and lower
PV area.”

PV panels are cooled using air or water to sustain lower operating temperatures.”'> Water
PV cooling is more effective than air PV/T but it requires additional power for circulation and
has higher manufacturing costs.®” In addition, solar PV panel temperature is reported to
increase in the direction of the coolant fluid resulting in non-uniform panel temperature and
loss in the photoelectric conversion efficiency.'' Gang et al.'? presented a heat pipe (HP) PV/T
panel that eliminated non-uniformity of panel temperature. They removed the latent heat at the
HP evaporator section and dissipated the heat at the HP condenser section that was subjected to
continuous cooling water flow.'> Continuous water flow is not always a convenient and feasible
option. The concept of integrated storage tank with HP-PV/T system was not explored.
However, using a water storage tank would make it difficult to maintain tank temperature con-
stant at the HP condenser section. Literature studies that combined HP with solar collector-
tanks showed a decrease in overall systems’ efficiencies due to an increase in the storage tank
temperature with build-up of stored energy in the condenser side.'?'%!’

An alternative solution for keeping storage tank temperature constant is to use phase
change material (PCM) at an appropriate melting temperature as reported by several research-
ers. Abhat'® reviewed the different PCMs used for low temperature latent heat storage in the
range of 0—120°C and investigated their melting and freezing behavior. Sharma er al.'® ana-
lyzed the available thermal energy storage systems incorporating PCMs for use in different
applications including solar water-heating systems. Prakash er al.>° analyzed the performance of
a water heating tank containing a layer of PCM-filled capsules and reported a more efficient
and more suitable storage system during off-sunshine hours when compared with a system hav-
ing no PCM storage. ASHRAE Standard 90.1?' reported that the inclusion of a PCM module in
hot water storage tanks is a very promising technology that provides hot-water for longer peri-
ods at smaller tank size. Sweidan et al.** utilized PCM spheres in the storage tank to store heat
at a constant temperature for an extended period of time and integrated the PCM-tank with a
heat-pipe PV/T. They modeled and validated their model of heat-pipe PV/T-PCM tank experi-
mentally utilizing PCM at melting temperature of 29 °C.*

Although the proposed system of the integrated HP-PV/T with PCM-tank resulted in
improved electrical output and PV panel efficiency, the design and implementation of the sys-
tem is not studied and optimized in a practical application where both power and hot water are
desired needs. The design and operation of the system depends on the proper selection of PCM
melting temperature which represents the heat pipe sink temperature. If the HP-PV/T is
designed to deliver electricity and hot water, then increasing the melting temperature may result
in reduced PV electrical output. The objective of this study work is to integrate and optimize
the HP-PV/T-PCM system to meet electrical power needs of a typical office in Beirut while
minimizing the auxiliary heating energy for domestic hot water throughout the year at lowest
number of PV/T panels and PCM mass. Once the optimal design is achieved, the life cycle cost
(LCC) of the system is determined as well as the payback period for incremental cost of PV
cooling system.

8Z:7L:EL $20Z 18NNy 62



023501-3 Sweidan, Ghaddar, and Ghali J. Renewable Sustainable Energy 8, 023501 (2016)

Il. METHODOLOGY
A. Mathematical model of HP-PV/T-PCM

The proposed heat pipe HP-PV/T-PCM system module is composed of a PV panel with its
metal base joined to the sealed heat pipe tubes by a thin adhesive aluminum layer while the
condenser section of the heat pipe is immersed in water-PCM storage tank. Figure 1 illustrates
(a) the integrated system and (b) the back and front views of the HP-PV/T. The thermal proper-
ties for the different materials used in the HP-PV/T-PCM system are summarized in Table I.

The validated simulation model of Sweidan er al.** is used in this work in which energy
balance equations are derived for each component of the PV/T system which include the PV
panel, base panel, the refrigerant-based heat pipe, and water-PCM storage tank model. The deri-
vation of the full HP-PV/T model can be found and followed in Ref. 22. The model assumes
quasi-steady state operation.

Water Storage
Tank

PCM sphere

Metal Support
Frame
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Heat pipe /:a
condensersection ' 4 U U U U U O U UL T

immersed in the wmiwmlmliwmimislismimis
storage tank

1
1 Water storage
1 tank

PV panel

Absorber plate
installed at the
back of the PV

panel
\s

Heat pipe /a
evaporator section

Back view of the PV panel Front view of the PV panel

()

FIG. 1. Schematic of (a) the PV/T heat pipe with PCM-tank and (b) the back and front view of the HP-PV/T panel.
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TABLE I. Thermal properties of different system materials.

System component Material Thermal conductivity (W/m K)  Density (kg/m®)  Specific heat (J/kg K)
PV panel Mono crystalline silicon 148 2329 731
Base panel Aluminum 237 2702 903
Heat pipe Copper 401 8960 385
Wire mesh Stainless steel 17 8060 530
Water tank Steel 60.5 7845 434

1. Heat pipe model

The Sweidan et al. model® treats the heat pipe at the PV panel back plate as finned plate
based on the formulation of Gang er al.'? with heat pipe evaporator section representing the fin
base temperature (fluid evaporation temperature) while taking into consideration thermal wall
and contact resistances of the pipe.'***** Gang et al.'> divided the base panel into differential
grids where one grid was connected to a heat pipe (heat-pipe node) and the other was in the
middle of connecting panel (fin plate). The 1-D heat-conduction equations for these nodes were
derived in their work'? and assume uniform base panel temperature along the direction of the
heat pipe.

2. PV/T model

The numerical model considered the heat balance of the glazed PV panel cooled by heat
pipe while accounting for the thermal contact resistance of the adhesive material between the
PV layer and metal base panel. The model predicts the electrical energy produced by the PV
panel £, and the electrical efficiency of the system given by

E,,
Nelectrical = % . (l)

3. Water-PCM storage tank model

The water tank was divided into modules, each corresponding to the condenser section of
the heat pipe and containing equal number (npcy) of PCM spheres each of mass MPCM.22
Energy balances were derived by Sweidan er al.** for the water and for the PCM during sensi-
ble heating or cooling and during the period of fusion or solidification. We will present only
the energy balance of the PCM during change of phase®® so as to define the melting fraction
which is an important parameter for optimal operation of the system. When the PCM tempera-
ture reaches the melting temperature, the PCM starts melting at a constant temperature
(Tpem = Thneiringpcm)- The PCM stores or releases heat depending on the water temperature.
During the PCM melting phase, the energy balance equation is given by**

Xjiwia (T —T
MPCMhmeltfng aljm :( = PCM)

@)

Ry pcu

where Ty, is the water temperature and R, pcy, i the thermal resistance between the water and
the PCM. The parameters /,erine and Xj;q.iq are the latent heat of fusion and liquid fraction of
the PCM, respectively. The term to the right side of the equation corresponds to heat transfer
between the PCM and water.

The inputs of the simulation model of HP-PV/T-PCM?* are the ambient and solar condi-
tions, thermal characteristics and resistances of the PV/T materials and heat pipe fluid, geometric
parameters, storage tank dimensions, PCM mass, quantity and thermal and physical properties.
The simulation model solves for the variation in time of the temperatures of the PV surface and
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back plate, PCM-tank, and heat pipe condenser and evaporator sections. In addition, electrical
output and conversion efficiency as well as the melting fraction of PCM are predicted by the
model. For any simulation, the PCM is assumed to be completely solidified overnight where all
stored heat should be lost to the environment. This would be the case when melting temperature
is selected at value higher than ambient temperature at night.

B. Description of case study with multiple HP-PV/T-modules

The HP-PV/T-PCM modules are rearranged as presented in Fig. 2 for implementation to a
typical office space to cover the electrical and domestic hot water needs. The electricity needs
for computers and lighting is to be supplied by the PV system without electricity storage (on-
grid system). The extracted heat from the HP-PV/T panels is used in heating domestic water
for the office, where water is circulated using a small constant flow pump which turns on when
the water temperature of hot water storage tank is lower than that of the water-PCM tank.

The office has overall dimensions of 8 m x 8 m X 3m and it is occupied by 5 people from
7:00 a.m. till 7:00 p.m. It includes 5 desktop computers each requiring 150 W, and the lighting
load is assumed to be 11W/m2. The total electrical load of the office equipment is 14.92 kW h/
working day all year around according to the ASHRAE Standard 90.1.2' The DC/AC convert-
er’s efficiency is assumed to be 95%, and additional electrical losses of 10% are considered.
Hence, the electrical power to be provided to the office equipment by the PV panels is
1.45kW. The hot water is to be supplied at a minimum temperature of 32°C according to a
schedule® (refer to Table II) based on a daily consumption of 22 l/day for each occupant.
According to the Food Code by the U.S. Department of Health and Human Services,”® the
hand washing hot water should be available at a temperature range of 40°C =3°C so that
employees could mix with cold water. However in the present case, the hot water temperature
of 32°C is selected for water to be used directly without mixing with cold water. The circulat-
ing water pump power consumption is added to the office electric energy consumption based
on the hours of operation of the pump. The pump circulates water at a rate of 0.45kg/s as used
by Gang ez al.'? for the case of the PV/T panels (0.09-0.0921/s for a PV/T system of 4 collec-
tors each having an area of 1.5 m?) and by Garg and Agarwal®’ who found that a mass flow
rate 0.03 kg/s will provide the best total efficiencies for a PV/T collector of 2 m* area. The aux-
iliary heater is used in case the temperature of hot water supplied by the HP-PV/T-PCM system
is below 32°C. In this study, the working refrigerant fluid used in the heat pipes of the PV/T
panels was methyltetrahydrofuran (2-MeTHF) which is ozone friendly.

4 a 4
< T < T <
1l X
1|F 1|F

water heating tube D> D> N . i
Circulation
PCM sphere Storage Pump
HP-PV/T-PCM Tank
tank
PV/T Panels —MAA
Water
_Q_

Source

<
Auxiliary 3
Heater

VVVVN

—=

Hot water
Ofﬁce Space

FIG. 2. Schematic of the HP-PV/T-PCM office integrated system.
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TABLE II. Hourly hot water consumption profile.*®°

Hour Hot water consumption (1)
7-8 14
8-9 11
9-10 5
10-11

11-12

12-13 15
13-14 13
14-15 5
15-16

16-17

17-18 8
18-19 15

The validated transient mathematical models developed by Sweidan et al.** for the differ-
ent subsystems of the HP-PV/T-PCM module and described briefly in Section I A are used to
predict module thermal operation, power output, and performance. The integrated HP-PV/T-
PCM models with the hot storage tank of the office will be used to size the system and find its
optimal design for the office application in Beirut city. In this application, the minimum number
of PV/T panels and PCM quantity are sought such that minimal auxiliary energy is needed for
heating domestic water while meeting the electrical needs. The electrical needs are to be met
on a yearly balanced basis over the system lifecycle assuming that the electricity is sold and
bought at the same price and any excess yearly electricity will have zero value.

C. Optimization problem formulation

The existence of multiple subsystems in the HP-PV/T-PCM system (see Fig. 2) requires
performing design optimization to ensure the design that meets the electrical energy consump-
tion while minimizing the thermal energy needs for heating water throughout the year with
smallest PV area and minimum acceptable number of PCM spheres in each HP-PV/T-PCM
tank. Optimization is applied to the case study described above. A first step to formulate the
optimization problem is to define the objective function and constraints and integrate predictive
models of subsystems performance to meet demand and constraints

Optimizing the HP-PV/T-PCM system is a complex task since we are dealing with a sys-
tem of integrated multi-models and a set of non-linear equations, so it is preferred to use a de-
rivative free optimization tool that works according to the direct search principle. For this pur-
pose, the genetic algorithm (GA) tool is used because it is efficient for optimizing systems
where indirect relationships between the different parameters exist.”® Genetic algorithm is a
quick and simplified technique characterized by fast convergence near to global minimum in
searching for combinations of parameters that improve the performance.*~°

The system design variables that will be optimized are: (i) the number of PV panels; (ii)
the amount of PCM spheres needed in each PCM tank; and (iii) the melting temperature of the
PCM. The size of the PCM storage tank is determined according to the minimum amount of
PCM required. The water tank for each PV/T panel was sized to have the highest packing den-
sity of PCM spheres consistent with the work of Yang and Zhang®' and Ledesma er al.** to
maximize the capture of latent energy,”® while the water acted as a heat conducting medium
between the PCM spheres. A circulation pump was used to circulate water that transfers heat
from the HP-PV/T-PCM tanks to the storage tank, whenever the HP-PV/T-PCM tanks’ temper-
ature in the PV/T modules was higher than the storage tank water temperature (see Fig. 2).
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The design of the PCM tank included heat exchange tubes for extracting heat as shown in
Fig. 2. The temperature of the hot water leaving the PCM tanks and entering the storage tank is
calculated by considering the case internal forced convection inside an isothermal tube at the
lumped water temperature.®* The tube is assumed with enough passes inside the HP-PV/T-PCM
tank to ensure an effectiveness of 0.85. The water temperature in the hot storage tank of the
office is determined using a fully mixed tank model.>> When the temperature of the water sup-
ply to the office is less than the desired level, the auxiliary heater is turned on.

The optimal values of the above stated variables should concurrently ensure that the
HP-PV/T-PCM system provides hot water while using the minimum auxiliary heating energy
possible and meeting the annual electrical energy needs at zero cost. The objective function J
represents the total system cost over its life time including the cost of heat, cost of cooling sys-
tem incremental cost of HP and cost of PCM. The objective function is written as follows:

J = Jaux + Npyr X Cpyr + Npcy X Cpeu, (3a)

Jaux 1s the total of the yearly cost of the auxiliary energy needed for heating water over the life
cycle of the system, and is defined as

N

Caux xJ auxiliary—hea

Jows =Y e, (3b)
i=1 (1+a)

where a is the discount rate, N is the life time of the system, and J,visiary-hear 15 the yearly run-
ning cost in kW h for year i/ and is given by

]auxiliaryfhear = mw,aﬁ'ic‘e Cw ( Tw.office - Tw,storage )7 (3C)

Jausitiary-hear [KW h] is calculated based on the hot water consumption supply flow rate (71, opice)
whenever the temperature of water leaving the storage tank (T, orqe.) and supplied to the
office is lower than the needed hot water temperature of the office, T, ,pce (Twsiorage
< Ty .office)- Caux represents the cost of auxiliary heating [$/kW h]. Npyr is the number of PV/T
panels required to meet the electrical needs of the office based on the below explained con-
straint and Cpy7 represents the cost of the PV/T panel incremental cost over standard PV panel.
Npcyy is the total number of PCM spheres used in the system and Cpcy, represents the cost of
one PCM sphere. The lifetime span of the system was taken as N =25 years for cooling the PV
panel with PCM.?***3¢ The constraints that are imposed when performing the optimization are
summarized as follows:

* The circulating pump in the closed loop between the HP-PV/T-PCM modules and the storage
tank (refer to Fig. 2) operated during the working hours whenever the water temperature, 7, in
the PCM tank is higher than that in the office storage tank (T, ;4u) (T'w > Ty ani)- In addition,
the temperature of the water leaving the storage tank and entering the PCM tank, T, ;,, was
always lower than the lumped temperature in the PCM-tank (7, ;, <T,,) for efficient heat re-
moval; otherwise the circulating pump would be OFF.

* The optimization aims to find the minimal amount of PCM that could provide the maximum
heating for water in the storage tank while insuring complete solidification during night hours
in all seasons. To enhance heat dissipation, the PCM-tank was not insulated. This allowed the
PCM tank to lose heat to the environment at night and ensures complete solidification of the
PCM spheres (Xjiquia=0 before 6 a.m. to initialize the system operation for the next day
cycle.*® Accordingly, the melting point of the PCM should be higher than the night air tempera-
ture to prevent the energy build up and accumulation from day to day in the PCM tanks, thus
protecting the system from overheating.*®

* In sizing the PV panels, the total of the electricity generated by the PV/T panels must be equal
to that consumed throughout the year. The hourly electrical energy bought from or sold to the
grid J ;. [kW h] for an on-grid system is given by
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Jelec :JPV _Jt :JPV - (Joffice +Jp)7 (43)

where J, is the total electrical energy consumed by the office’s equipment (/) and the system
pump (J,) [KW h] and Jpy is the electrical energy produced by the PV panels [kW h]. The elec-
trical energy consumption of the system circulating pump is expressed by

wH
Jp = &7 (4b)

npump

where y,, and Q,, are the specific weight and volumetric flow rate of water, respectively. H is
the head loss for the current system and #,,,,,,,, is the pump efficiency and has a typical value of
85%. The yearly J .. (presented in Eq. 3(a)) must be greater than zero (Jesec yearsy = 0) to ensure
that the number of PV panels is able to meet the electrical need. The electricity is sold and
bought at the same price; however in performing the optimization, any excess yearly electric
energy produced will have zero value since the objective is to meet the electrical needs (zero
net electrical power balance) and minimize the auxiliary heating cost with the minimum number
of PV panels and PCM spheres.

The useful heating energy supplied by the HP-PV/T-PCM panels to the office water storage
tank is defined as

0, = 1, C,, AT, (5a)

where m,, is the mass flow rate of the circulating water and AT is the temperature difference
between the circulating water entering and leaving the office storage tank.

The thermal efficiency defined as the ratio of the water heating energy supplied by the HP-
PV/T-PCM panels to the total radiation received by the panels is given by

Ow
Nihermal = Gx A, < Novr” (5b)
Since electricity is high grade energy that it is converted from thermal energy, while the heat
energy produced at nearly environmental temperatures is a low grade energy, it is necessary to
convert the electrical efficiency of the PV cells to an equivalent thermal efficiency for a thermal
power plant when evaluating the total equivalent thermal efficiency of the HP-PV/T-PCM sys-
tem (#1,,,,), where it is expressed as*

_ MNelectrical

npvt - Cj + Nthermats (SC)

where Cy is the conversion factor of the thermal power plant and is taken equal to 0.38.*

D. Numerical simulation

In order to simulate and optimize the operation of the integrated HP-PV/T-PCM system,
the optimization procedure was performed over a whole year. A representative day (21st) for
the solar and weather data is chosen for each month of the year.””** The inputs for the simula-
tions include: the physical and thermal properties of the different components, the occupancy
and equipment electrical consumption profile, the solar and weather data, hot water consump-
tion profile assuming that the replacement water coming from the mains enters the storage tank
at an average temperature equals the average ground temperature®® for each month. The opti-
mizer chooses a number of HP-PV/T-PCM panels and sets an amount of PCM at a specific
melting temperature. Then, it calculates the daily and yearly electricity produced, the tempera-
ture of the hot water produced, and the auxiliary heat needed while checking for the constraints.
Finally, the cost function is calculated for the selected set of variables, and the procedure is
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repeated until the optimal values of the variables minimizing the cost function are obtained.
The sequence of optimization steps is summarized in Fig. 3. Note that the HP-PV/T simulation
model integrated with hot water storage tank system for the office solves the discretized
and coupled energy balance equations for all system components following the numerical meth-
odology of Sweidan et al.** The output values for the different parameters at the end of an
hour system operation are considered to be as the initial conditions of the next hour of
operation.

When performing the optimization, each variable must be defined by a lower and upper
bound within which the genetic algorithm searches for the optimal cost. The bounds for the dif-
ferent variables are as follows:

« The number of PV panels was varied between 18 and 22 panels. HOMER software*! was used
to get a preliminary number of standard PV panels that meet the electrical load and that value is
taken as the maximum number of modules plus or minus two modules.

e The number of PCM spheres required for each PV/T panel was varied between 50 and 100. The
maximum number is associated with winter operation at low melting temperature of 30°C
when PCM melt fraction would be very low while the minimum number of 50 is associated
with the highest PCM melting temperature (37 °C) during summer operation where the PCM
temperature will reach more than 42 °C.

* The melting temperature of the PCM varies between 30°C and 37 °C. Smith et al. recom-
mended melting points of 30°C to 35°C for the Mediterranean region when using PCM to
enhance the photovoltaic energy output.’ The range was expanded to 37 °C in order to cover
the summer and winter conditions.

Optimizer generation of design
variables (number of pv panels,
amount and melting temperature
of PCM)

Hourly ambient conditions
Thermal and Physical properties
Load profiles

HP-PV/T integrated
system model

PV electricity and
Hot water produced

Optimizer checks for
constraints

Computing the Objective
Cost Function

Optimal Solution

FIG. 3. Flow chart showing the sequence of operation for optimization.
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A maximum population size equals to 20 times the number of variables. A conventional
point cross over is performed with the probability of 0.9 and mutation rate of 0.1 was set in the
GA optimizer in order to arrive for the optimum values. The system costs Cg,, Cpyr, and
Cpcyr are chosen to reflect the average prices in the Lebanese market where the cost of buying
gas is Cy,=0.05 $/kW h, average cost of installing the PV/T panel Cpyr=$467, and the cost
of 1 PCM sphere is Cpepr=$1.1.%°

lll. RESULTS AND DISCUSSION

Upon solving for the design variables, the optimum values leading to the lowest system
cost (PV/T panels and PCM) that minimizes the yearly cost of auxiliary heating energy while
meeting the electrical needs over the whole system lifecycle were found to be the following:

« The number of PV/T modules is 20 (4kW at total area of 32 m> occupying 50% of the roof
area)

* 72 PCM spheres each having a diameter of 7.5 cm and a mass of 311.5 g are needed for each
HP-PV/T-PCM panel. The PCM tank for each panel is built according to the required amount
of PCM with an overall dimension of 92 cm x 47 cm x 8.5 cm (total volume of 37 1) in order to
contain the PCM spheres at the highest packing density while keeping the necessary space for
the HP condensers and piping.42

* The optimal melting temperature of the PCM is 33 °C.

The performance of the optimized HP-PV/T-PCM system is simulated for the months of
January, April, August, and October which are representative months of the four seasons of
winter, spring, summer, and fall, respectively. Fig. 4 shows the hourly system power generation
for the different representative months. It is observed that in the early morning and late after-
noon, the power generation is less than the consumption because of the low solar radiation. In
January, the power generation between 10:00 a.m. and 2:00 p.m. exceeds the office consump-
tion; however over the whole day, the generation is still less than the consumption. The power
generation increases for the months of April, August, and October as the solar irradiance
increases, and the excess is now enough to cover for the electricity deficit during low irradiance
hours. August has the highest daily electricity production followed by April and October.

It can be noticed from Table III that the electrical efficiency is at its best during the early
morning and late afternoon, while during the rest of the day, the operating temperature of the
cells increases leading to lower electrical efficiencies. January is characterized by the best effi-
ciencies among the other months because of the low operating temperature of the PV panels
during this month. During April, October, and August, the increase in panel’s temperature
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FIG. 4. Plot of the hourly HP-PV/T-PCM power generation.
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TABLE III. Electrical and thermal efficiencies of the HP-PV/T panels.

Hour

Parameter  7-8 8-9 9-10 10-11 11-12  12-13 13-14 14-15 15-16 16-17 17-18 18-19

January

Net (%) 1223 11.85 11.48 11.11 10.68 10.78 10.81 10.94 11.4 11.72 0 0
Neh (%) 0 0 0 7.8 8.43 8.1 6.13 0 0 0 0 0
Tpvt (%) 3218  31.18 3021 4844  36.53 32.1 3458  28.79 30 30.84 0 0
April

Nel (%) 11.77 11.56  11.26 1096  10.64 10.4 1034 10.37 1048  10.64 10.83 11.1
Hen (%) 0 0 0 10.1 11.08 7.81 6.99 5.56 6.04 8 11.52  23.61
Hpve (%) 3097 3042 29.63 3894 3894 3517 342 32.85  33.61 36 40.02  52.56
August

Nel (%) 11.64 1147 11.19 1089 10.56 10.3 1022 10.23 10.4 10.54  10.74  10.96
Nen (%) 0 0 0 13.66  19.08  14.69 13.3 12 1393 2926  31.02 353
Mpve (%) 30.63  30.18 2945 4238  46.87 41.8 40.19  38.92 41.3 57 59.28 64.14
October

Nel (%) 11.72 114 11.04 1066 1042 1031 1035 1045 10.6 10.77 1198  11.18
Hen (%) 0 0 0 9.65 6.46 6.65 6.8 6.1 7.31 9.9 17.5 29.65
Hpve (%) 30.84 30 20.05 377 33.88  33.78  34.04 33.6 35.2 3824 49.02  59.07

results in a drop in the electrical efficiency, while higher efficiencies are obtained in the morn-
ing and afternoon. August is characterized by the minimum efficiencies followed by October
and April.

Table IV presents the monthly electric consumption and generation for the months of
study. January has the lowest total electrical consumption because of reduced pump operation
hours compared to the other months. In January, the electricity production is less than the con-
sumption, due to the low solar irradiance reaching the PV panels. During the months of higher
solar irradiance, the electricity generation is found to be higher, and the electricity production
exceeds the consumption. August has the highest electricity generation because of the highest
amount of solar radiation reaching the PV panels. The monthly electricity generation for the
panels in January, April, August, and October is 469.5kW h, 584.9kW h, 598.5kW h, and
573kW h, respectively. The yearly electricity production (6.67 MW) is found to exceed the
yearly electricity consumption (6.39 MW) by 4.32%.

The hourly heating energy supplied by the HP-PV/T panels to storage PCM-tank is shown
in Fig. 5(a). The heating energy depends on the water temperature in the storage tank, the tem-
perature of the PCM tanks, and the temperature and mass flow rate of the replacement water
entering the storage tank according to the provided schedule (Table II). It can be seen for all
months that during the early hours of system operation there is no heat added by the HP-PV/T-
PCM system to the water storage tank, where the PCM tanks’ temperature is still lower than
that of the storage tank. However, with the increase in the solar radiation, the PCM tanks’ tem-
perature increases and the system has enough energy to heat the water. For January, the heating

TABLE IV. Monthly electric energy consumption and production in kW h.

Parameter April August October January
Electricity consumption, kW h 544.45 544.45 544.45 542.47
HP-PV/T-PCM system electricity generation, kW h 584.9 598.5 573 469.45

Standard PV system electricity generation, kW h 557.9 566.2 548.77 457.9
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FIG. 5. Plots of (a) the hourly HP-PV/T-PCM heating energy and (b) hourly auxiliary heat requirements for the representa-
tive months.

energy increased to reach its maximum at 11 a.m. and then it decreased to reach zero after
1 p.m., where the office water storage tank temperature became higher than that in the PCM
tanks. The months of April, October, and August have the same trend for the water heating
energy, where this energy increased to reach its maximum at 12 noon due to the high solar
radiation and the increase in hot water demand (Table II). The heating energy decreased then to
reach its minimum at 3 p.m. because of the reduced demand on hot water and decrease in the
solar radiation. The heating energy continued to increase by the late afternoon as the demand
for hot water increased, while the HP-PV/T-PCM system (which has stored energy in the
PCMs) was still capable of providing useful heating energy to the office storage tank. Fig. 5(b)
shows the hourly auxiliary heating requirements for the different representative months, where
it is clear that the auxiliary heating was needed at the early hours of the system operation for
all months and at the late afternoon for January.

According to Table III, January shows the lowest thermal efficiencies and this is related to
the low thermal heating energy provided by the HP-PV/T-PCM system due to the low amount
of solar radiation and low ambient temperatures leading to high energy dissipation from the
PCM tanks to the environment. The thermal efficiencies increased for the months April,
October, and August with the increase in the solar radiation leading to higher temperatures of
the PCM tanks and more amount of useful heating thermal energy. The thermal efficiencies for
these months continued to increase in the afternoon period and this is related to the decrease in
the solar radiation, while the HP-PV/T-PCM system is still capable of supplying useful heating
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energy due to the presence of PCM. August has the highest thermal efficiencies among the
other months. The average overall daily efficiencies of January, April, August, and October are
27.9%, 32.86%, 43.51%, and 34.61%, respectively.

The monthly heating energy provided by the HP-PV/T-PCM system was highest for
August (292kW h) followed by April (199.224kW h), October (193.62kW h), and January
(82.8kW h), where it decreased with the decrease in the solar radiation and ambient conditions,
with a total yearly of 2302.92kW h. Accordingly, January was characterized by the highest
amount of auxiliary heat needed (6.35 kW h/month), while August required the lowest amount
(1.39kW h/month) followed by April (2.7kW h/month) and October (3.76 kW h/month). The
total yearly auxiliary energy needed was 42.64 kW h.

When compared to the standard PV panels, it was observed that the efficiencies of the HP-
PV/T-PCM panels improved by 4.53%, 6.62%, 6.26%, and 8.7% at peak hours for the months
of January, April, October, and August, respectively. Moreover, the electricity generation of the
HP-PV/T-PCM module is found higher than that of the standard PV panel for all months as
shown in Table IV. The heat pipe cooling of the PV panels increased their yearly power output
by 4.41%; however, the same number of panels (20 PV panels) in both cases is sufficient to
cover the electrical needs.

A sensitivity analysis is performed on the system design with respect to the effect of devia-
tion from optimal values of PCM number and melting temperature on system performance. It
was found that decreasing the melting temperature of PCM by 1°C caused an increase in the
electrical efficiency of the PV/T panel by 0.177%, 0.204%, 0.212%, and 0.25% and increased
the monthly electrical production of the PV/T system by 0.005%, 0.06%, 0.08%, and 0.13% for
the months of January, October, April, and August, respectively, with a 0.1% improvement in
the total yearly electrical output. However, decreasing the PCM melting temperature by 1°C
resulted in an increase of the monthly auxiliary heat requirements by 0.743 kWh, 0.116 kW h,
0.067 kW h, and 0.03kW h for the months of January, October, April, and August, respectively,
with a yearly increase of 2.87 kW h. On the other hand, adding one PCM sphere in each HP-
PV/T-PCM tank resulted in smaller increase of the PV/T panel electrical efficiency and insig-
nificant change in auxiliary heat requirements. It is clear from this analysis that the optimal
results are more sensitive to a 1° change in the melting temperature than adding one PCM
sphere in each HP-PV/T-PCM tank.

The LCC assessment is performed for the proposed system and the payback period is cal-
culated using the net present value (NPV). The LCC takes into consideration the initial invest-
ment cost for modifying the PV panels and the yearly operating cost over the lifespan of the
system43 taken as 25 years%_38 (see Eq. 4(a)). The NPV is calculated as follows:

N
R;
NPV = - LCC, ©)
20

where R; is the revenue for year i. The project is considered profitable if NPVy > 0.

The cost of modifying the standard PV panel to a HP-PV/T-PCM panel is taken as $167/
PV-T panel. The modification cost is chosen to reflect the prices in the Lebanese market, where
it includes the cost of the base panel, heat pipes, PCMs, and different system materials. Having
20 panels resulted in an incremental cost of $3380 including the piping connection and the sys-
tem pump. On the other hand, the annual savings on heating water through the use of the HP-
PV/T-PCM system were estimated as $276.3. Considering a discount rate of 1.5%, the payback
period was found to be 13.7 years.

IV. CONCLUSION

The feasibility of implementing a hybrid HP-PV/T system using phase change thermal stor-
age has been evaluated. The HP-PV/T-PCM system was applied to a typical office in Beirut
city showing that finding optimal design is not a straightforward method and needs to take into
consideration the climate that influences the selection of the PCM melting point. A genetic
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algorithm optimization procedure was performed in order to decide on the best design of the
system to meet the yearly electrical needs and minimize heating water energy for a typical
office at the minimum number of PV panels and PCM quantity over the whole lifecycle (25
years). The yearly energy savings on heating water was estimated and the use of the PV/T sys-
tem was found to be energy saving and cost effective with a payback period of 13.7 years.
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