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AN ABSTRACT OF THE THESIS OF

Abed El Hassan Ali Sweidan for Master of Engineering
Major: Mechanical Engineering

Title: Optimized Design and Operation of Heat-Pipe PV/T System with Phase Change

Material for Thermal Storage

This work aims to study performance of a heat pipe photovoltaic-thermal (HP-
PV/T) panel integrated with phase change material (PCM) thermal storage water tank to
produce electricity and hot water for an office building. A transient mathematical model
for the HP-PV/T was developed to predict its performance at given PCM melting point.
The model predicted the PV panel temperature, electrical power output and hot water
temperature. The model was validated experimentally using PCM at 29°C melting-point
in Beirut climate during the month of July.

The validated model was applied on a typical office space in the city of Beirut
to obtain optimal design using a derivative free genetic algorithm. The incremental
system cost associated with heat pipe and PCM tank was used in the optimization to
obtain the design resulting in minimum annual auxiliary heating cost to meet hot water
demand while providing the electricity needs at lower number of PV panels due to
improved PV efficiency. An optimal system of 4 kW (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 37 liter at PCM total mass of 22.42 kg with melting temperature of
33°C.
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NOMENCLATURE

A area, m?
C specific heat capacity J/kg-K
D diameter, m
E output electricity, W/m?
G solar radiation intensity W/m?
h heat-transfer coefficient, W/m?.K
k thermal conductivity, W/m-K
L length, m
M mass, kg
m Mesh number
n number
R thermal resistance K/W
T temperature, °C
t time, s
u Flow velocity, m/s
Pr Prandtl number
Nu Nusselt number
Ra Raleigh number
Gr Grashof number
lateral direction of heat pipe fin plate
X PCM liquid fraction
Greek Symbols
a absorptivity, thermal diffusivity, m?/s
Y PV cells coverage ratio
0 thickness, m
e emissivity
¢ porosity



n efficiency

angle, (°)
p density, kg/m?, reflectance
T transmittance
S volumetric thermal expansion, K
U dynamic viscosity, Pa-s
v kinematic viscosity, m?/s
Subscripts
a air, ambient
b base panels
ad adhesive layer
[ Inner, differential node
I liquid
0 outer
p heat pipe
S thermal insulating material
v vapor
W water, wall of the heat pipe
cond condenser section of the heat pipe
evap evaporator section of the heat pipe
sky sky
wick wick of the heat pipe
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CHAPTER |

INTRODUCTION

Renewable energy is being widely used in many countries as a practical
alternative to fossil fuels and a solution for serious environmental problems. Solar

energy has a very big potential compared to other forms of renewable energy. The Earth

receives energy from sunlight in one hour (4.3><1020J) that is enough to cover the

worldwide energy consumption needs throughout one year (4.1><1020J) [1]. The most

spread way of making use of solar energy is by the use of Photovoltaics where sunlight
is directly converted into electrical current that can be utilized to power electrical
appliances. This technology was invented by Charles Fritts in 1894 and was referred to
as the PV cell [2]. However, during the operation of the PV cell, only around 15% of
solar radiation is converted to electricity and the rest is converted to heat [3]. The
electrical power generation of the PV cell depends greatly on its operating temperature.
PV panels’ efficiencies are at best 19%, and in most cases in the vicinity of 10%, rarely
reaching 15% for commercially available panels [4]. The PV cell’s efficiency drops with
the increase in the operating temperature: an increase of 30 degrees K in cell’s
temperature can cause a drop of 15% in the electrical efficiency [5]. Therefore, reducing
the operating temperature of photovoltaic cell is important to boost its electrical
efficiency. Cooling the PV panels became an interesting topic for researchers, and many
studies have been carried out to counter the temperature effect on PV cells. Various

active and passive cooling methods have been researched and analyzed to date. When



cooling the PV panels and using the extracted thermal energy for low temperature
applications, e.g. water and air heating, the system is referred to as hybrid
photovoltaic/thermal (PV/T) system that produces both electricity and heat from one

integrated component or system [6].

Photovoltaic thermal (PV/T) panels have a higher energy yield per unit area
than separate systems of PV panels and solar collectors [7]. PV/T offers the advantage
of providing both high-grade electrical energy and low-grade thermal energy [8-9]. The
increased electrical energy due to cell cooling 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 [10].

Different techniques are implemented for cooling the PV panels using air or
water as a coolant to maintain lower operating temperatures [3-15]. Air PV/T cooling,
despite improved performance with the use of fins, had relatively poor heat removal
effectiveness due to the low thermal capacity and conductivity of air [3-5]. Water PV/T
cooling is found to be more efficient than PV/T Air systems due to higher water capacity
and higher heat transfer coefficients between water and PV back metal cover [6-7]. The
PV/T system output was shown in the experimental study of Odeh and Behnia [6] to
increase by 4-10%. The average PV/T system’s annual electrical efficiency was
reported by Kalogirou [7] to increase from 2.8% to 7.7% at payback period of 4.6 years.
Krauter [8] used a flowing water film above the PV modules and reported a decrease up
to 22°C in surface temperature with a net-electrical gain of 8-9%. Although active
cooling of the PV panels by water is effective. It requires additional power consumption

that reduces the net gain of the efficiency.



Regardless of air or water selection as the cooling medium, it should be noted
that the temperature of solar PV panel increases along the fluid flowing direction,
leading to non-uniform cooling which hampers the control of panel temperature for
enhancement of the photoelectric conversion efficiency [11]. Gang et al. [12] introduced
a heat pipe PV/T panels to improve cooling non-uniformity at the back of the panel
utilizing high latent heat transfer rates that are associated with extremely small
temperature drops between the heated and the cooled region and hence enhance the
photoelectric conversion performance [11-12-13]. Ghaddar and Nasr [16] conducted an
experimental study on integrated heat-pipe, solar collector, and storage tank and showed
that the system efficiency dropped when storage tank temperature increased due to
build-up of stored energy in the condenser side. Mathioulakis and Belessiotis [13]
reported similar performance of a wickless gravity assisted loop heat-pipe for the heat
transfer from the collector—evaporator to the tank—condenser. The energy behavior of
their system was characterized by high, instantaneous efficiencies up to 60%, wide
temperature operating range and effective operation with small temperature differences
between the collector and tank [13]. However, the temperature increase in the tank
caused an increase in temperature for the whole heat-pipe, thus increasing the losses

from the collector which resulted in a decrease of the overall system efficiency.

Given that the solar energy source is often intermittent and time-dependent; the
performance of the heat pipe PV/T cannot be sustained unless the sink temperature
(storage tank) can be controlled. The integration of a PV/T collector with a hot water
storage tank was found to be an economically feasible idea. However, increasing the hot
water temperature in order to meet some application requirements would in turn cause a

reduction in the power generation efficiency of solar PV [17]. In addition, water has a



low energy density resulting in a bulky storage system. Latent heat storage systems
using phase change materials (PCMs) are particularly more attractive than sensible heat
storage systems due to their high energy storage capacity and their ability to store heat at
a constant temperature [18]. Abhat [18] reviewed the different PCMs used for low
temperature latent heat storage in the range 0-120°C and investigated their melting and
freezing behavior. Sharma et al. [19] investigated and analyzed the available thermal
energy storage systems incorporating PCMs for use in different applications including
solar water-heating systems. Prakash et al. [20] analyzed the performance of a novel
built-in storage type water heater 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 having no PCM storage. Cabeza et al. [21, 22] reported that the
inclusion of a PCM module in hot water storage tanks is a very promising technology

that provides hot-water for longer periods at smaller tank size.

The objective of this study work is to develop transient mathematical models
for the HP-PV/T to predict the integrated system performance in producing electricity
and hot water for given environmental and solar conditions, refrigerant-based HP
evaporator temperature and PCM melting point. Heat pipes are used to cool the PV
panel and dissipate heat into a PCM-water storage tank. The system will take the
advantage of adding PCM as a latent storage medium in the heat sink side in order to
control the sink temperature, provide efficient thermal energy storage and PV panel
cooling. The developed integrated model will be experimentally validated using an
experimental setup for the HP-PV/T system. The mathematical model of Gang et al. [12]
for the PV panel cooling with heat pipes is adopted in this work, with some

modifications to meet our current design. Gang et al. [12] used the forced convection
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heat transfer in the PV/T panel heat sink through utilizing cooling water flowing over
the condensers, however in our case the heat sink contained stationary water with PCM
spheres and the heat transfer is represented by natural convection between the different
components. Moreover, Gang et al. utilized sensible heat storage through using a big
water storage tank, however in our case the thermal storage was mainly in the latent
form through including PCM in the heat sink. This allowed us to eliminate the need for a

bulky water storage medium.

The HP-PV/T-PCM system simulation model is applied to a case study of a
typical office in Beirut to obtain an optimal design that minimizes the auxiliary heating
energy for domestic hot water while meeting the basic electric needs throughout the year
at lowest number of PV/T panels and PCM mass. Once optimal design is achieved, the
life cycle cost of the system will be determined as well as the payback period for

incremental cost of PV cooling system.



CHAPTER II

HP-PV/T-PCM SYSTEM DESCRIPTION

The proposed heat pipe HP-PV/T-PCM system is composed of a PV panel with
its metal base joined to the sealed heat pipe tubes evaporator section by a thin, high
thermally conductive and adhesive aluminum layer while the condenser section of the
heat pipe is immersed in water-PCM storage tank. Figure 1 shows the installed heat
pipes at the back of the PV panel and Figure 2 illustrates a side view of the proposed

system.

The heat pipe is a sealed metal tube with an inner lining of wick like capillary
material and a small amount of fluid in a partial vacuum. It transfers the heat from the
PV panel by the process of evaporation in the HP evaporator, vapor flow, condensation
in the condenser (water-PCM tank), and then condensate return to the evaporator section
by gravity and capillary forces in the distributed wick. Figure 3 shows the operation of
the heat pipe. The wick is a thin steel wire mesh placed along the inner diameter of the
heat pipe and creates a porous medium with a definite porosity, permeability, thermal
conductivity and heat transfer coefficient. The wick structure is included in the current
design pipe to improve contact between the heat pipe wall and the liquid and to ensure
the even distribution of the liquid on the evaporator surface. Since the heat pipe is
operating in gravity-assisted mode, no wick is required in the condenser because gravity
drains the condensate from the wall to the paddle. The heat released from the heat pipe
condensing end is then transferred through the water to the PCM spheres placed inside

the storage tank.



The PCM spheres are made of a latent heat storage material placed inside
highly conductive spherical capsules. The tank heat storage capacity is greatly enhanced
with the presence of the PCMs. The temperature of the PCMs rises as they absorb heat,
and once their temperature reaches the melting point, the PCM starts melting and
absorbs large amounts of heat without change in temperature. When the temperature in
the surrounding water drops, the PCM solidifies releasing its stored latent heat to the
water. Thus the presence of PCMs reduces the temperature fluctuations in the storage
tank despite transient incident solar radiation. Figure 4 shows the PCM placed inside

the storage tank.

Heat Sink
containing water
and PCM

Heat pipe

/ condenser section

Heat pipe
evaporator section

Base panel
(installed at the back
side of the PV panel

Top view of the PV panel Bottom view of the PV panel

Figure 1: Schematic showing the installed heat pipes at the back side of the PV panel



Heat pipe condenser
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Water storage tank\

PCM sphere

Base panel

Metal Support

section

Figure 2: Side view of the proposed system

Transient mathematical models for the different subsystems of the HP-PV/T-
PCM system are developed; the PV panel, base panel, and the refrigerant-based heat
pipe model using Gang et al. formulation [12], and water-PCM storage tank model. The
integrated HP-PV/T-PCM model and its predictions of electrical and thermal outputs
will be validated experimentally in Beirut climate. The system model is then applied to a
case study and optimization is performed to find the minimum number of PV/T Panels
and PCM quantity for a typical office application in Beirut City, in order to minimize the
auxiliary energy needed for heating domestic water while meeting the electrical needs
on a yearly balanced basis over the whole lifecycle of the system. The electricity is sold

and bought at the same price and any excess yearly electricity will have zero value.



Vapour Flow
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Figure 4: 3D view of the PV system with a tank section showing the PCM spheres



CHAPTER 111

MATHEMATICAL MODELLING AND
EXPERIMENTAL VALIDATION

A. Mathematical Modelling

In order to write the energy balance equation for each component of the PV/T
system, quasi-steady state operation is assumed and the heat pipe is treated as finned
plate 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 [23]. The main energy balance equations include: heat-balance
equation of the PV panel, heat conduction along the base panel, heat-balances of the heat
pipe, and heat balance for the water-PCM storage tank. The following assumptions have

been made in the model as described in [11] and [12]:

e The temperature variation along the thickness of the PV panel and base panel is
negligible, because their thickness is much less than their width.

e The temperature variation of the PV panel and base panel along the axial direction
of heat pipe is negligible, because of the uniformity of heat pipe operating
temperature.

The numerical model of Gang et al. [12] for glazed PV panel with heat pipe is
adapted in this work. The PV heat balance equation is given by

(Tb - Tpv)
R

b,pv

aT,,
5pv pvapv 6‘tp = ha (Ta _Tpv )+ hsky,pv (Tsky _Tpv )+ +apv G- Epv (13.)

10



The parameters dpv, ppv and apy are the thickness, density, and absorptivity of the PV
panel, respectively, while ha and hsypy are convective and radiant heat-transfer
coefficients, between the PV panel and surroundings. The temperatures Tpyand Ty are the

temperatures of the PV panel and base panel, respectively, and Tsy is the sky
temperature, Ty, =0.0552T;°[23]. The convective and radiant heat-transfer

coefficients between the PV-panel and surroundings are given, respectively, as [23]:

h, =2.8+3u,

Mgy ov =Epv a(Tjw +T2 NToy +Tp0)

sky,pv pv

where, U, is the wind speed, &, is the emissivity of the PV panel and - is the Stefan—

Boltzmann constant o =5.670373x10*Wm=2 K™ .

The parameter Ry py is the thermal contact resistance of the adhesive material between

)
the PV layer and metal base panel, R, ,, = =+

ad

where, 0,4 and kad are the thickness and thermal conductivity of the adhesive material

that connects the PV module to the base panel. The electrical energy produced by the

PV panel Epy is given by [12]:
Epv =7/ava77r|:l_ Br(Tpv _Tr):l (lb)

where G is the solar irradiation, y is the PV cell coverage ratio y=Ap / Ac, 5, is the

reference cell efficiency at the reference operating temperature T, = 298.15 K, and
temperature coefficient is Br = 0.0045 K. The electrical efficiency of the system is

given by

11
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E ov
Melectrical = G_ (1C)

Gang et al. [12] divided the base panel into differential grids where one grid is
connected to a heat pipe (heat-pipe node) and the other is in the middle of connecting
panel (fin plate) as shown in Fig. 5. The 1-D heat-conduction equations for these nodes
were derived in their work [12] neglect the temperature variation of the base panel along
the axial direction of the heat pipe because of the uniformity of the heat pipe

temperature and are given by

For the middle node:

or, o, (@1 (T,-T,) @
poCy, —=ky—+— +

at aX §b Rb,a I:zb,pv
For the heat pipe node:

6Tb asz 1 (Ta 'Tb) (Tpv 'Tb) (Tp,evap -Tb) (3)
poCo — =Ky —+— + +

ot ox" o, Ry, Ry v Ros

The parameters &, o, and Cp are the base panel thickness, density and specific heat,
respectively. Tp, Tpv and Tpevap are the base panel, PV panel and evaporator section
temperatures respectively. The base panel temperature (Tp) is considered to be uniform
along the axial direction of heat pipe, because of the uniformity of heat pipe operating

temperature. Ry is the thermal resistance between the base panel and the ambient air,

given by:
Rb a = é + i
’ kS ha

12



Where, J, and K, are the thickness and the thermal conductivity of the insulation

material, respectively as indicated in Figure 5.
and Rp,p is the thermal resistance between the base panel and the inner wall of heat pipe

evaporator section [12].

l PV panel
Adhesive material

Tpv

I_I

J’W/

.l . .
R | Rt Al A O .- i P,

Heat pipe

Base panel Insulation

x-direction

E———

Figure 5: Section of the HP-PV/T solar collector

The heat pipe evaporator section assumes that evaporation of the refrigerant
takes place at a constant saturation pressure since the pressure drop caused by vapor
flow along the axial length of the heat pipe is very small and can be neglected in
accordance with the models of Ghaddar and Nasr [16] and Gang et al. [12] developed
for the energy transport in the heat pipe. The heat balance equations for the evaporator

and condenser sections are given by

oT Tocons =T T, -T
Evaporator: M ,,.,,C, — 2 = "‘;“" PO 42 o 4)
evap,cond pb
oT Toam =T
Condenser: M, ,.,C, g:ond = p’e;p P04 A pnaean (T _Tp,cond) )

evap,cond

13



where Tpcond and Tpevap are the temperatures of the condenser and evaporator sections
of the heat pipe, respectively. Mpevap and Mpcond are the masses of the evaporator and
condenser sections of the heat pipe, respectively. Revapcond IS the total thermal resistance
of heat transfer from the evaporator section to the condenser section which takes into
consideration the wick resistance (as described in Ref. [12]). Acondw is the contact area
between the condenser section of the heat pipe and the water in the storage tank. The
convection heat-transfer coefficients between the heat-pipe condenser section and water

in the storage tank is hcondw [24].

The heat transfer from the evaporator section to the condenser section of the

heat pipe may be mathematically modelled by using the total thermal resistance

Revap,cond (Fig. 6). The value of Revap,cond can be derived based on the following:

R R R +R +R

evap,cond = evap,wic evap,i cond,i

Within the evaporator section, the thermal resistances which account for temperature
drops are the wick conduction resistance and internal resistance at the vapour-liquid
interface. In the vapour space, the pressure drops are very small, and the vapour space is

assumed to operate at constant saturation pressure and temperature along the axial length
of the heat pipe. Therefore, the thermal resistance in the vapour flow direction (R,) can
be neglected as described in [11, 12].

Revap,wick is the thermal resistances across the wick thickness, and may presented as

follows

R _ In(Dwick,o/Dwick,i)

evap,wick —
P 27[ I‘evap kwick

14



where, kwick is the effective thermal conductivity of the saturated wick screen mesh

structure used in the evaporator section and can be calculated as:

K = by [k, +kg) = (=& )k =K, )]
" (k, + ko) + L= G )k —K,)

k, : Thermal conductivity of the working fluid
kS : Thermal conductivity of the wick material

fwick : Porosity of the wick

The thermal resistance occurring at the vapor-liquid interfaces in the evaporator can be
calculated by (Azad [25])

2
L 2D, Laao N

evap,i —evap ' ‘evap,i

where hevap,i is the film coefficient and is equal to the thermal conductivity of the
working fluid divided by the wick thickness (1, ) given by:

s =
evap,i
twick

The vapour condenses on the inner wall of the condenser while releasing the latent heat
of condensation. The thermal resistance associated with the condensing process is
defined as:

B 1
cond,i 7Z'D L h

cond,i —cond ' ‘cond,i

where hcond,i is the condensing film coefficient and is given by [26]:

15



1
gsind.p,(p, — p, )k’hy, |4
AT L

cr —cond

P, and p, are the liquid and vapour densities of the working fluid inside the heat pipe

respectively. The critical temperature difference of the condenser is given by:

AT, =T —T,‘ where, Tcond,i and T, are the condenser surface temperature and the

cond,i

working fluid saturation temperature respectively.

The working fluid saturated temperature (T)) is calculated according to Hussein
et al. [27] assuming that the working fluid inside the heat pipe is a wholly saturated
liquid, because the density of the working fluid vapor phase is so small compared to its
liquid phase density.

V4 L OT
T DZ L P CI \ d_tl =7 Devap,i Levaphevap,i (Tp,evap _TI )_72- Dcond,i Lcondhcond,i (TI _Tp,cond) (6)

evap,i —eva |
4 p p

where V* is the liquid filling ratio (volume liquid / volume of the evaporator section of

the heat pipe)

16
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Figure 6: Thermal resistances in the heat pipe

The energy balances for the sensible and latent heat transfer for the water and
for the PCM during heating phase includes sensible heating of water and PCM and then
latent heat storage of PCM at its melting temperature. The water tank is divided into
control volumes each corresponding to the condenser section of the heat pipe and

containing equal amount of PCM as shown in Fig. 7.
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Figure 7: Section of the water storage box

The temperature of water at each control volume is considered uniform

(lumped). The corresponding heat balance equation for the water and PCM in each

control volume in the storage tank is

a, T,-T

pwV Ch—-= : - +Acond,w hcond,w(Tp,cond _Tw)+nPCM hw,PCM APCM (TPCM _Tw) (7)

ot R

a,w

The first term on the right side of the equation represents the heat loss to the atmosphere.

The second term corresponds to the convection heat transfer between the water and

condenser in the storage tank. The last term represents the sensible heat transfer between

the water and the PCM spheres. Raw is the equivalent thermal resistance between water

and ambient air, Apcm is the surface area of each PCM sphere and npcwm is number of

PCM spheres placed in each control volume. hw,pcwm is the free convection heat transfer

coefficient between the stationary water and the PCM sphere [28]

18



NU,, pcy X k

w
hw,PCM = D
PCM 0

The Nusselt number is determined by the following formula (Incropera et al. [28])

0.589Ra}’

Nu, =2+
o b+ (0.469/Pr, )]

where Pr,, is the Prandtl number and Ra is the Rayleigh number.

_ g :Bw (TPCM _TW)DSCM ,0
VW aW

Ra, , with @, is the thermal diffusivity of water.

The effect of natural convection within the melting PCM is neglected due to
small capsule radius and high molten PCM viscosity. The thermal resistance of the
capsule wall is assumed negligible since it is very thin and is made of highly conductive
material [29-30]. The PCM heat balance equation during sensible heating or cooling is

expressed as

oT T —-T
MPCMCPCM ng :(VIV:{ PCM) (83)
w,PCM

where Mpcw is the mass of each PCM sphere, Rwpcm is the thermal resistance between

the water and the PCM given by

1
Rupom =1 (8b)

h w,PCM APCM

When the PCM temperature reaches the melting temperature, the PCM starts melting at
a constant temperature (Tpcm). The PCM stores or releases heat depending on the water

temperature. The energy balance equation of the PCM during melting is given by
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ax iqui TW _T
M PCM hmelting a|: : = ( R et ) (9)
w,PCM

The term to the right side of the equation corresponds to heat transfer between the PCM
and water. The parameters hmeiting and Xiiquia are the latent heat of fusion and liquid

fraction of the PCM, respectively.

B. Numerical Simulation

The resulting energy balance equations are discretized in time and space for the
corresponding HP-PV/T panel where it is divided to identical elements for each heat
pipe evaporator section with associated fin plate representing one element in the lateral
direction x. The discretization was only done in the x-direction as the axial temperature
variation of the PV panel, base panel and heat pipe along y-direction was neglected
because of the uniformity of the heat pipe operating temperature along its axial

direction.

The PV panel and the base panel are divided to n elements from i=1to n. A
simple implicit finite difference method is adopted (first order in time and second order
in space using central differencing) to solve the coupled equations. At each time step,
the Newton-Raphson method is used to obtain an updated value of the solved parameters
for the heat pipe and the middle nodes base panel, PV panel, water, and PCM
temperatures [12]. The model of Gang et al. was modified to meet our current design
were the PCM model was added to the heat sink and natural heat convection heat
transfer was considered between the heat pipe condenser section, water and PCM in the

PCM tank (heat sink). Initial conditions for the different parameters were taken as
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measured experimentally for the PV/T system components while the PCM liquid
fraction was set to zero. 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. The instantaneous boundary conditions included the measured incident solar
radiation and ambient temperature and the actual wind speed during the day and night
time. Note that along the x direction in Fig. 8, the nodes at i=1 and i=n are considered
the boundary nodes while all the other nodes are interior nodes. The left and right sides
of PV Panel (contain nodes (1) and (n)) are adiabatic walls. The methodology for the

numerical solution is shown in a flow chart in Fig. 9.

The discretized main heat balance equations are presented as follows and are used to
calculate the values for the PV panel temperature, base panel temperature (heat pipe and
middle nodes), heat pipe temperature(including the evaporator and condenser), water
temperature, PCM temperature and liquid fraction. The superscript 1 represents the
value of the parameter at the present instant, while the superscript O represents the value

of the parameter at the previous time step.

For the PV panel:

Tl-—TO- Tl_—Tl.
T T (1, e (T T (o)

5 AZ‘ pvi pvi

+a, G- E, (10)

pv ppv
b,pv

For the base panel middle node:

Tbl,i _Tb?i _k
=K, >
At AX 5,

£yCy (11)

Tb1,i+1 - 2Tb1,i +Tb1,i—1 + 1 (Ta -Tbl,i) + (Tplv,i 'Tbl,i)
Roa R

b,pv

For the base panel heat pipe node:
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At AX b ba b,pv ph

For the heat pipe evaporator section:

1 0 1 1 1 1
M C Tp,evap,i _Tp,evap,i _Tp,condj _Tp,evap,i Tb,i _Tp,evap,i

pevap P At B R R
evap,cond p,b
For the heat pipe condenser section:
T =710 T Tl

pcondi pcondj pevap,i pcondi 1 1

M p,cond ™~ p = + Acond,whcond,w(Tw,i _Tp,condj)
At Revap,cond

For the water storage tank containing PCM

Tv&,i —Tﬁ,i Ta —Tvi,i 1 1 1 1
PNV,Cy At = R +Ac0nd,whc0nd,w(Tp,cond,i _Tw‘i)+nPCM hw, pem Poew (TPCM,i _Tw,i)
a,w
M TPlCM,i _TF?CM,i _ (Tv:vL,i _TPlCM,i)
PCM ~PCM -
At RW,PCM
Xl%quidi - Xl(i)quidi _ (T\;,i _Tplcm,i)

M PCM hmelting

At RW, PCM
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Figure 8: Panel discretization grid
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Figure 9: Simulation flow chart

C. Experimental Setup

The experimental setup consisted of the PV panel, water storage PCM tank, and
copper heat pipes using dichloromethane as the working fluid. The HP-PV/T system was

assembled according to the drawings shown in Fig. 2 and the setup in Fig. 10. An
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aluminum plate base panel with an area of 1.64 x 0.98 m? and thickness of 7.5 mm was
fixed at the bottom the PV panel which has an area of 1.66 x 1.0 m? and thickness of 20
mm. A thin layer of high thermally conductive epoxy adhesive layer was applied
between the PV module and base panel in order to fill the air gaps and ensure an

effective full contact between these components.

The UE 200-M5 PV panel has a peak power of 200W; its voltage and current at
peak power are 29.39 V and 6.81 A, respectively and has an operating temperature range
of 40°C to 85°C. The decrease in electrical output function of the temperature is
estimated by -140mV/°C. The PV panel was mounted to be south facing with a tilt angle

of 35°, which is almost equal to the location’s latitude is 33°54 N.

Twelve copper heat pipes were jointed onto the back of the aluminum plate,
and the condenser section was inserted into a PCM-water tank. The PCM-water tank is a
rectangular condenser made from 2 mm thick steel plates with an overall dimension of
100 cm x 40 cm x 27 cm. The heat pipe is a hollow evacuated copper tube filled with a
liquid refrigerant. The heat pipe has a smaller diameter section (15 x1x1640 mm)
representing the evaporator section, in which the refrigerant is heated and transferred by
buoyancy to the upper condenser section of the pipe having a larger diameter (25
x1x400 mm). These dimensions were chosen to have equal evaporator and condenser
volumes of the heat pipe, with a larger condenser diameter to increase the surface area
and allow for efficient condensation of vapor. A thin steel wire mesh (wick) was rolled
and fitted within the inner radius of the pipe, allowing for quicker movement of the
evaporated particles of the working fluid as condensed droplets attach to the wire mesh

The porosity of the wick was 0.6 with a mesh number m=14, wire diameter d= 0.89 mm
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and the opening width of mesh w=0.6 mm. Each pipe was evacuated to 0.7 bars and
filled with a quantity of 215 ml (filling ratio was 0.85 of the evaporator volume) by the
selected refrigerant (dichloromethane). A filling ratio equal or greater than 85% of
volume of evaporator was reported to have better results in terms of increased heat
transfer coefficient, decreased thermal resistance and reduced temperature difference
across the evaporator and condenser [31]. The space between the two adjacent heat pipes

was 66 mm.

The PCM used in the experiments were made of salt hydrate contained in
spherical capsule having an outer diameter of 75 mm and made high-density
polyethylene (HDPE) with a wall thickness of 0.7 mm. Each PCM sphere has a mass of
311.5 grams with density of 1400 kg/m?® and a melting temperature of 29°C. The PCM
specific heat of fusion is 211.66kJ/kg with specific heat of solid and melting phases of
2,900 J/kg-K and 2,130 J/kg-K, respectively. Sixty PCM spheres having a total volume
of 0.0314 m3and a total mass of 18.69 kg were placed inside the storage tank containing

75 L of water.

The thermal properties for the different materials used in the system are
summarized in Table 1. The base panel with the exposed area of the heat pipes was
insulated with fiberglass and a layer of reflective aluminum. The water tank was covered
with a layer of reflective aluminum that prevents the absorption of the solar radiation
during the day while it allows for excess energy dissipation from the tank to the
atmosphere during the night. The experiment was done during the first week of July in
Beirut City. The global solar insolation (direct and diffuse radiation) was measured

using a global pyranometer that was positioned on the panel’s surface and has a
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sensitivity of 15x10° Volts/(W/m2) and a maximum accuracy of + 3 % for temperature
range between -10°C to +40°C. Weather data including the ambient temperature and
solar radiation were monitored and recorded for every hour during the experiment. Type
K thermo-couples with accuracy of +0.1°C to 0.5°C were used to measure the
temperatures of the PV panel, hot water and PCM surface over a 24-hour period. A
rheostat was used to measure the power output of the PV panel (with and without heat
pipes).

Monitoring devices for temperature and solar radiation were installed at
different locations as was shown in Fig. 2. These devices included two Fluke 115 multi-
meters for measuring the current and voltage at accuracies of 1.0% and 0.5%,
respectively. The data logger for monitoring outdoor ambient temperature and humidity
had accuracy of £ 1.0°C and + 3%, respectively. Thermocouple 1 was used to record the
PV panel surface temperature, while thermocouples 2 and 3 recorded the hot water and
PCM surface temperatures, respectively. The experiments were performed at the end of
June and beginning of July and the final data presented later refer to 3 of July, where

the experiment started at 1 a.m. and measurements were taken over a 24 hours period.
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Table 1: Thermal properties of different system materials

Thermal
System o Density Specific Heat
Material CondUCUVlty
Component (kg/md) (J'kg-K)
(W/m-K)
Mono crystalline
PV panel 148 2,329 731
silicon
Base Panel Aluminum 237 2,702 903
Heat pipe Copper 401 8,960 385
Wire Mesh Stainless Steel 17 8,060 530
Water tank Steel 60.5 7,845 434
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Figure 10: Photos of the experimental setup showing (a) the system assembly (b) global

pyranomoter (c) Rheostat and (d) thermo-couple for measuring the PV panel
temperature

D. Results and Validation

The recorded weather and solar data and the geometric and physical parameters
of system components (PV, Heat pipe, PCM, and tank) were used as input to the

integrated simulation model. The experiment was started from an approximately
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uniform initial water and PCM temperatures of 25.2°C according to the readings of the
thermocouples located inside the tank. The measured initial temperatures of the PV/T
panel and Standard PV panel were 25.1°C and 24.4°C respectively. These temperatures
were used as input for the model simulation at the beginning of the first hour. The
measured hourly values of ambient temperature and the global solar radiation during the
experiment (3™ of July) are presented in Table 2. The model predictions are compared to
the experimentally measured values of temperatures of the PV/T panel, water, and PCM

and to the measured electrical gain of the HP-PV/T.

Table 2: The hourly measured values of ambient temperature and the global solar
radiation during the experiment (3" of July)

Hourly ambient Temperature Hourly solar radiation
Hour
(°C) (W/m?)

1 25.0 0

2 24.8 0

3 247 0.0

4 245 0.0

5 24.6 0.0

6 253 24

7 26.3 48.4
8 27.5 1754
9 29.2 363.9
10 31.0 543.9
11 32.3 707.0
12 334 814.7
13 335 835.7
14 324 769.5
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15 31.3 618.4
16 30.0 451.3
17 29.3 264.9
18 28.8 106.9
19 28.0 24.7
20 27.0 0.0
21 26.3 0.0
22 26.0 0.0
23 25.8 0.0
24 25.6 0.0

Figure 11 shows the experimentally measured and model prediction of the PV
panel temperature for two PV/T panel and standard PV panel. For both cases, the
temperature of the PV panel started rising in the morning (6 a.m.) until it reached the
maximum at 1:00 p.m., then it dropped for the rest of the afternoon. The maximum
temperature of the panel surface for standard PV panel was 63.33 °C occurring at 1:00
p.m. while the maximum PV/T surface temperature reached 48.4 °C at 1:00 p.m.,
dropping by 14.9 °C at the peak hour compared to standard PV. During the night, the
temperature of the PV/T panel was higher than that of the standard PV panel because it
was insulated from below and thus less heat is dissipated to the environment. It is
evident from Fig. 11 that good agreement was attained between the model prediction
and experimental data with a maximum percentage error of 7.4% and 6.9% for the PV
temperature with and without heat-pipes, respectively. The maximum error observed
near the initial conditions decreased gradually after some period of time when the effect

of the initial conditions became insignificant. The errors between the simulation and
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experiment resulted mainly from the model assumption of uniform PV panel

temperature along the axial direction of the heat pipe.
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Figure 11: Plot of the PV panel temperature for PV and HP-PV/T-PCM systems

Figure 12 shows the variation of (a) the water temperature and (b) the PCM
temperature in the storage tank. The temperature of the water increased with the increase
of the solar irradiance until the PCM started melting in the water tank when water
temperature reached 29 °C at around 10:30 am and stabilized at a nearly constant
temperature until the PCM completely changed phase from solid to liquid at about 1:30
p.m. The PCM kept a nearly constant water temperature during the peak hours and

provided a suitable heat sink for the heat pipes’ condenser. When the PCM melted
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completely, a further sensible increase in the water and PCM temperatures was observed
between 3:00 pm and 5:00 p.m. The predicted melted mass fraction of the PCM is also
plotted in Fig. 12(b) which clearly shows the time when melting starts in the morning at
about 10:30 am and when solidification starts at night at about 11 pm. During the night
(after 10 p.m), the PCM maintained an almost constant water temperature (Fig. 12). It is
clear from both graphs that a slight temperature difference appears between the water
temperature and the PCM temperature. During the early hours of the experiment, both
temperatures started decreasing simultaneously with the water temperature being
slightly lower than that of PCM. The PCM temperature change is found to be very
sensitive to the change in the water temperature. This is due to the fact that water acts as
a conduction medium between the ambient environment and the PCM while the PCM
has a low equivalent heat capacitance when being in the solid state compared to that of
water. As the solar radiation increases during the day, more heat reaches the PCM tanks
through the heat pipe condensers. This energy is transferred to the PCM spheres through
water (being at a slightly higher temperature than that of PCM). When the PCM
temperature reaches the melting point, the PCM starts melting at a constant temperature
(29°C) while storing heat in the latent form. However, the water temperature continues
to increase slightly because its equivalent heat capacitance is lower than of the PCM
during phase change. When the PCM totally melted (1:30 p.m.) both temperatures
showed a further increase, with the PCM temperature increase trend being similar to that
of water because of the low equivalent heat capacitance of the liquid PCM compared to
that of water. Then, both temperature dropped until 11 a.m. where the PCM started

melting and releasing heat to water being at slightly lower temperature.
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The experimental data were in good agreement with simulation results of tank
and PCM temperatures with a maximum deviation of 7.2%. The errors are mainly
caused by the lumping assumption of the water and PCM temperatures and the assumed
uniformity of temperature at all positions of the PCM during the melting phase. The case
of HP-PV/T when no PCM was used in the water storage tank for the same experimental
setup was simulated and the expected water temperature was plotted in Fig. 12(a). The
predicted water temperature increased significantly without PCM reaching 42 °C at the

peak hour.

—— with PCM (sim) «++++=- without PCM (sim) a  with PCM (exp)

45

Temperature(°C)

15
123456 7 8 910111213141516171819 2021222324

Time (hour)

(@)

34



Temperature(°C)

A PCM temperature(exp) ——PCM temperature(sim)

SN
o

===-Liquid fraction(sim) ymmmmmmeeescce-=- ~ 1

w
o1

w
o

N
o1

20
15 mmmmm—m— e ————— -/ 0
123 45 6 7 8 91011121314151617 1819 2021 22 23 24
Time (hour)
(b)

Figure 12: Plots of the time variation of (a) predicted and experimentally measured
water temperature and (b) predicted and experimentally measured PCM
temperature in the storage tank as well as the predicted PCM melting fraction

The measured and predicted electrical gain per unit PV area and the
corresponding electrical efficiency are plotted respectively in Fig. 13(a) and Fig. 13(b)
for both the standard PV panel and the HP-PV/T-PCM panel. For the standard PV panel,
the electrical gain reached a maximum of 79.85 W/m? at the peak with an electrical
efficiency of 9.44%. However, when the heat pipes were used to cool the PV panel, the
electrical gain reached a maximum of 86.3 W/m? at 1 p.m. with an electrical efficiency
of 10.29%. After that, the electrical gain decreased gradually with decreased solar
radiation. The use of HP-PCM combination resulted in 9% improvement in the PV
module’s electrical efficiency at peak conditions, which is comparable with the

photovoltaic/thermal systems studied by Wu et al. [11] and Gang et al. [12]. In addition,
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good agreement was found between simulation results and experimental data of
electrical gain where maximum deviations observed were 7.72% and 6.83 % for the

PV/T panel and standard PV panel, respectively.
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Figure 13: Plots of measured and predicted (a) electrical gain and (b) electrical
efficiency versus time for standard PV panel and HP-PV/T-PCM panel
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CHAPTER IV

OPTIMIZATTION OF THE OFFICE-INTEGRATED
HP-PV/T-PCM SYSTEM

A. System Integration and Optimization

The existence of multiple subsystems in the HP-PV/T-PCM system (see Fig.
14) requires performing design optimization to ensure the design that meets the
electrical energy consumption 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 a case study of an

office space in Beirut climate (refer to Fig. 14).

Optimizing the HP-PV/T-PCM system is a complex task since we are dealing
with a system of integrated multi-models and a set of non-linear equations, so it is
preferred to use a derivative free optimization tool that works according to the direct
search principle. For this purpose, the genetic algorithm (GA) tool is used because it is
efficient for optimizing systems where indirect relations between the different
parameters exist [32]. Genetic algorithm is a quick and simplified technique
characterized by fast convergence in obtaining a good enough solution and in searching

for combinations of parameters that improve the performance [33-34].
The Genetic Algorithm terminology is described by the following steps:

e The algorithm starts by seeding a set of trial combinations of the variables

to be optimized and calculating the numerical value of the objective
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function for each combination selected. This set is called the “Initial
Population”.

e The set of numerical values calculated for the objective function from the
first trial, is then evaluated according the “Fitness Criteria”. The fitness
criteria can be defined as the condition for the objective function numerical
value to be better convenient than its pears.

e Based on their fitness, some combinations in the previously seeded set are
chosen to be “Parents”. Parents then undergo either “Crossover” or
“Mutation” procedure to produce “Children”. Most fitted parents simply
jump to the next generated population without any change; such parents are
referred as “Elite”.

e The current population is replaced by children from the next population.

e Elite children are the individuals in the current generation with the best
fitness values. These individuals automatically survive to the next
generation. Crossover children are created by combining the vectors of a
pair of parents. Mutation children are created by introducing random
changes, or mutations, to a single parent.

e The algorithm stops when the “Tolerance” in the objective function values
between two generations is less than a certain set error value, or when the
maximum number of “Generations” is exceeded, or by any other defined

“Stopping Criteria”.

The Genetic Algorithm procedure implemented in this work is summarized

as follows:

39



Randomly initialize a population of individuals, such that each individual
represents the random combination of the design variables. The population
used is 20 times the number of variables.

. The objective function is calculated for each individual.

. The fitness of each individual is then evaluated using the information from
the objective function.

. The individuals are sorted by their fitness using the Rank Selection.

. The best individual is saved as elite member so that it will continue to exit

in the next generated population. The elite count represents the number of
individuals with the best fitness values in the current generation that are
guaranteed to survive to the next generation. An elite count of 2 is chosen
because setting the elite count to high values causes the fittest individuals to
dominate the population, which make the search less effective.

Now the top individuals are selected to be parents for reproduction.

. A couple of parents from the selected individuals are randomly chosen for
the reproduction process.

New children are generated by crossover and mutation. Scattered cross over
is used with a cross over fraction of 0.2. The cross over fraction determines
the fraction of individuals in the next generation, other than elite children
that are created by cross over. Mutation children are created by introducing
random changes, or mutation, to a single parent.

. The elite member and the new children represent the next generated

population.
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10. The GA continues to reproduce new generations until the “Tolerance”
between two generations is less than a certain pre-set error value. In this

work the function tolerance is 1x107.

The system design variables that are optimized are: i) the number of PV Panels
(placed in a parallel configuration); 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 will be sized to have the highest packing density of PCM spheres consistent
with the work of Yang et al. [29] and Ledesma et al. [30] to maximize the capture of
latent energy [35], while the water acts as a heat conducting medium between the PCM
spheres. A circulation pump is 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’ temperature

in the PV/T modules is higher than the storage tank water temperature (see Fig. 14).

A modified design of the PCM tank includes heat exchange tubes for
extracting heat as shown in Fig. 14. The temperature of the hot water leaving the PCM
tanks (Tw,out) and entering the storage tank is calculated by considering the case internal
forced convection inside an isothermal tube at the lumped water temperature(Tw, tank)
[28]. The tube is assumed with enough passes inside the HP-PV/T-PCM tank to ensure

an effectiveness ¢=0.85.

Tw,out :Tw,tank tEX (Tw,in _Tw,tank ) (18)

where, Tw,in IS the inlet water temperature.
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The water temperature in the storage tank is determined using a fully mixed
tank model [36]. An auxiliary heater will be used when the water supply temperature to

the office is less than desired level during the hours of system operation.

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 system incremental cost of HP and cost of PCM and is written as

follows:

J=Jau + Npyr XCpyr + Npey X Cpoy (19a)

aux

Jaux is 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

X X ‘J auxiliary-heat
_ 19b
(1+a) (190)

N
‘]aux :Z

Cau
1

where a is the discount rate, N is the life time of the system and Jauxitiary-heat IS the yearly

running cost[kWh] for year i and is given by

J auxiliary-heat = rhw,of‘fice CW (Tw,office _Tw,storage ) (190)

Jauxiliary-heat [KWHh] is calculated based on the hot water consumption supply flow rate
(mw.ofice) Whenever the temperature of water leaving the storage tank (Tw,storage) and
supplied to the office is lower than the needed hot water temperature of the office,
Twoffice (Tw,storage< Tw,office). Caux represents the cost of auxiliary heating [$/kWh]. Npvr is

the number of PV/T panels required to meet the electrical needs of the office based on
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the below explained constraint and Cpyr represents the cost of the PV/T panel
incremental cost over standard PV panel. Npcwm is the total number of PCM spheres used
in the system and Cpcm represents the cost of one PCM sphere. The life time span of the
system is taken as N=25 years for cooling the PV panel with PCM [37-38-39]. The
constraints that will be observed 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. 14) operates during the working hours
whenever the water temperature, Ty, in the PCM tank is higher than that in the
office storage tank (Tw.tank) (Tw> Tw,ank). In addition, the temperature of the water
leaving the storage tank and entering the PCM tank, Tw,in, must be lower than the
lumped temperature in the PCM-tank (Tw,in< Tw) for efficient heat removal,
otherwise the circulating pump will be OFF.

— The optimization aims is to find the minimal amount of PCM that provides 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 is not insulated. This allows the PCM tank to lose heat to the
environment at night and ensures complete solidification of the PCM spheres
(Xiiquia=0 before 6 a.m.) to initialize the system operation for the next day cycle
[34]. Accordingly, the melting point of the PCM should be higher than the night
air temperature to prevent the energy build up and accumulation from day to day

in the PCM tanks, thus protecting the system from overheating [37].
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— Insizing 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 Jeiec [KWh] for an on-grid system is given by

‘Jelec = ‘]PV _‘]t = ‘]PV _(‘]ofﬁce +‘Jp) (208.)

where Jiis the total electrical energy consumed by the office’s equipment (Joffice)
and the system pump (Jp) [KWh] and Jpv is the electrical energy produced by the
PV panels [kWh]. The electrical energy consumption of the system circulating

pump is expressed by

J =fu<wl (20b)

where, # and Qw are the specific weight and volumetric flow rate of water
respectively. H is the head loss for the current system and #pump iS the pump
efficiency and has a typical value of 85%. The yearly Jeec (presented in eqg.
10(a)) must be greater than zero (Jelecyearly > 0) to insure 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 methodology for the optimization is shown in the flow chart in Fig. 15. The
useful heating energy supplied by the HP-PV/T-PCM panels to the office water storage

tank is defined as
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Where my is the mass flow rate of the circulating water and A7 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

Mihermal = 2
hermal —
therma GXApVXNpVT

(21b)

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 system (npvt), Where it is expressed as [4]

npvt — nelectri%f +77therma| (21C)

with Cr representing the conversion factor of the thermal power plant and is taken equal

to 0.38 [40].
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B. Case Study

1. System Description

The HP-PV/T-PCM system shown in Fig. 14 is implemented for a typical
office space in Beirut 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
to heat up domestic water before being supplied to the office. The office has overall
dimensions of 8m x 8m x3m and it is occupied by 5 people from 7:00 a.m. till 7:00 p.m.
It includes 5 desktop computers each requiring 150W, and the lighting load is assumed
to be 11W/m?. The total electrical load of the office equipment is 14.92 kWh/working
day all year around according to the ASHRAE Standard 90.1 [41]. The DC/AC
converter efficiency is assumed 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 1.45 KW. The hot water is to be supplied at minimum temperature of 32°C
according to a schedule [42] (refer to Table 3) based on a daily consumption of 22
liters/day for each occupant [43]. According to the Food Code by the U.S Department of
Health and Human Services [44], the hand washing hot water should be available at a
range of 40° +£3°C so that employees could mix with cold water. However in our case,
the hot water temperature of 32°C was chosen considering that this water is used directly
without mixing with cold water. The circulating water pump power consumption is
added to the office electric energy consumption based on the hours of operation of the
pump that circulates water at a rate of 0.45 kg/s as used by Gang et al. [12] for the case

of the PV/T panels (0.09-0.092 L/s for a PV/T system of 4 collectors each having an
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area of 1.5m?) and by Garg et al. [45] who found that a mass flow rate 0.03 Kg/s will
provide the best total efficiencies for a PV/T collector of 2m? area. The auxiliary 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 is Methyltetrahydrofuran (2-MeTHF).

Table 3: Hourly hot water consumption profile [42-43]

Hour Hot water consumption (liters)
7-8 14
8-9 11

9-10 5

10-11 5

11-12 7

12-13 15

13-14 13

14-15 5

15-16 5

16-17 7
17-18 8
18-19 15
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2. Results and Discussion

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 (21%) for the solar and weather data is chosen for each month of the
year [46]. The inputs for the simulations include: the physical and thermal properties of
the different components, the occupancy and equipment electrical consumption profile,
the solar and weather data, hot water consumption profile assuming that the replacement
water coming from the mains enters the storage tank at an average temperature equals to
the average ground temperature[47] for each month. The optimizer 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 temperature 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 repeated until the optimal values of the variables minimizing the cost function are

obtained. The sequence of optimization steps is summarized in Fig. 15.

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 different variables are as follows:

- The number of PV panels was varied between 18 and 22 panels. HOMER
software [48] 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.
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- 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. recommended melting points of 30°C to 35°C for the Mediterranean region
when using PCM to enhance the photovoltaic energy output [37]. The range

was expanded to 37°C in order to cover the summer and winter conditions.

A maximum population size equals to 20 times the number of variables with
crossover fraction of 0.2, elite count of 2, and a function tolerance of 1x10° are set in
the GA optimizer in order to arrive for the optimum values. The system costs Caux, Cpvt
and Cpcm  are chosen to reflect the average prices in the Lebanese market where the
cost of buying gas is Caw=0.05 $/kWh, average cost of installing the PV/T panel

Cpvt=413$ and the cost of 1 PCM sphere is Cpcm=0.75 $.

After 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 (4 kW at total area of 32 m? occupying 50%

of the roof area)
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- 72 PCM spheres each having a diameter of 7.5 cm and a mass of 311.5 grams 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 liters) in order to contain the PCM spheres at
the highest packing density while keeping the necessary space for the HP
condensers and piping [49].

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

The HP-PV/T-PCM system’s performance 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. Figure 16 shows the hourly system
power generation for the different representative months. It is observed that in the early
morning and late afternoon, 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 consumption, however over the whole day the generation is still
less than the consumption. The power generation increases for 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.
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Figure 16: Plot of the hourly HP-PV/T-PCM power generation

It can be noticed from Table 4 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 efficiencies 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 results in a drop in the electrical efficiency,

while higher efficiencies are obtained in the morning and afternoon. August is
53
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Table 4: Electrical and thermal efficiencies of the 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
el 1223 | 11.85 | 1148 | 11.11 10.68 10.78 10.81 10.94 114 11.72 0 0
Mth 0 0 0 7.8 8.43 8.1 6.13 0 0 0 0 0
Mpvt 32.18 | 31.18 | 30.21 | 48.44 36.53 | 32.1 3458 | 2879 | 30 3084 |0 0
April
nel 11.77 | 11.56 | 11.26 | 10.96 10.64 104 10.34 10.37 10.48 10.64 10.83 111
nth 0 0 0 10.1 11.082 | 7.81 6.99 5.56 6.04 8 11.52 23.61
ot 30.97 | 30.42 | 29.63 | 38.94 38.94 | 3517 | 342 3285 | 3361 | 36 40.02 | 52.56
August
nel 11.64 | 11.47 | 11.19 | 10.89 10.56 10.3 10.22 10.23 104 10.54 10.74 10.96
nth 0 0 0 13.66 19.08 14.69 13.3 12 13.93 29.26 31.02 35.3
Mpvt 30.63 | 30.18 | 29.45 | 42.38 46.87 41.8 40.19 38.92 41.3 57 59.28 64.14
October
nel 11.72 | 114 11.04 | 10.66 10.42 10.31 10.35 10.45 10.6 10.77 11.98 11.18
nth 0 0 0 9.65 6.46 6.65 6.8 6.1 7.31 9.9 175 29.65
Tpvt 30.84 | 30 20.05 | 37.7 33.88 | 33.78 | 34.04 | 336 35.2 38.24 | 49.02 | 59.07

Table 5 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 consumption, 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
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the PV panels. The monthly electricity generation for the panels in January, April,

August and October is 469.5 kWh, 584.9 kWh, 598.5 kWh and 573 kWh respectively.

The yearly electricity production (6.67 MW) is found to exceed the yearly electricity

consumption (6.39 MW) by 4.32%.

Table 5: Monthly Electric Energy Consumption and Production

Parameter

October

Aprll AUgUSt January
Electricity Consumption, kWh 544.45 544.45 544.45 542 .47
HP-PV/T-PCM System Electricity

584.9 598.5 573 469.45
Generation, kWh
Standard PV System Electricity

557.9 566.2 548.77 457.9

Generation, kWh

The hourly heating energy supplied by the HP-PV/T panels to storage PCM-

tank is shown in Fig.17 (a). The heating energy depends on the water temperature in the

storage tank, the temperature 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 3). 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’ temperature increases and the system has

enough energy to heat the water. For January, the heating energy increased to reach its

maximum at 11 a.m. and then it decreased to reach zero after 1 p.m., where the water
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temperature inside the office storage tank became higher than that in the PCM tanks.
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 the high solar radiation
from one side and increase in the water demand (Table 3). The heating 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 had stored
energy in the PCMs) was still capable of providing useful heating energy to the office
storage tank. Fig. 17(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.
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Figure 17: Plots of (a) the hourly HP-PV/T-PCM heating energy and (b) hourly
auxiliary heat requirements for the representative months

According to Table 4, 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 months April, October and August with the increase in the solar radiation leading to
higher temperatures of the PCM tanks and more amount 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 energy due to the presence of PCM. August

has the highest thermal efficiencies among the other months. The average overall daily
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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 (292 kWh) followed by April (199.224 kWh), October (193.62 kWh)
and January (82.8 kWh), where it decreased with the decrease in the solar radiation and
ambient conditions, with a total yearly of 2302.92 kWh. Accordingly, January was
characterized by the highest amount of auxiliary heat needed (6.35 kWh/month), while
August required the lowest amount (1.39 kWh/month) followed by April (2.7
kwh/month) and October (3.76 kwWh/month). The total yearly auxiliary energy needed
was 42.64 kKWh.

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 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 4. 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 deviation 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 months of January, October, April and

August respectively, with a 0.1% improvement in the total yearly electrical output.
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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 kWh, 0.067 kWh, and 0.03
kwh for months of January, October, April and August respectively with a yearly
increase of 2.87 kWh. 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
insignificant change in auxiliary heat requirements. It is clear from this analysis that the
optimal results are more sensitive to a one degree change in the melting temperature
than adding one PCM sphere in each HP-PV/T-PCM tank.

The life cycle cost (LCC) assessment is performed for the proposed system and
the payback period is calculated using the net present value (NPV). The LCC takes into
consideration the initial investment cost for modifying the PV panels and the yearly
operating cost over the lifespan of the system [50] taken as 25 years [37-39] (see eq.
(19a and 19b)).The LCC and NPV are calculated as follows:

C
(1+a)

LCC=1+ zN: (22)

Where 1 is the total modification cost of the system and Ci; is the yearly cost for auxiliary

heating (eqg. 19b).

R,
(1+a)

N
NPV, =) ~LCC (23)
i=1

where R; is the revenue for year i. The project is considered profitable if NPVn> 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
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different system materials. Having 20 panels resulted in an incremental cost of $3,380
including the piping connection and the system 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.

C. Conclusion

The feasibility of implementing a hybrid HP-PV/T system using phase change
thermal storage has been evaluated. A theoretical model has been proposed to integrate
the different system components. The model was validated by experiments. Good
agreement was found between the model predictions and the experimental findings. The
use of heat pipes and PCM was effective in providing a maximum reduction of 15°C in
the operating temperature of the PV panel at peak hour during the test day, followed by
an increase of the electric power output and 9% improvement in the electrical efficiency,

while providing hot water.

The HP-PV/T-PCM system was then applied to a typical office in Beirut City
showing that finding optimal design is not a straightforward method and needs to take
into consideration climate that influences the selection of the PCM melting point. A
genetic algorithm optimization procedure was performed in order to decide for 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 saving on heating water was estimated
and the use of the PV/T system was found to be energy saving and cost effective with a

payback period of 13.7 years.
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