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a  b  s  t  r  a  c  t

The  use  of a water-saturated  microencapsulated  phase  change  material  (MEPCM)  layer  as  a  passive  ther-
mal management  medium  for a building-integrated  photovoltaic  (BIPV)  was  modeled  by  CFD  numerical
simulation  to  explore  the  effects  of  different  MEPCM  melting  points  and  MEPCM  layer  thicknesses  on
the  thermal  and  electrical  performance.  The  well-designed  BIPV  can hopefully  remain  at  a  relatively  low
temperature  during  peak  sunshine  hours  due  to the  absorption  of  latent  heat  during  the  phase  change
hotovoltaic (PV)
uilding-integrated photovoltaic (BIPV)
icroencapsulated phase change material

MEPCM)
hermal management

of  the  MEPCM  layer,  which  reduces  the  decrease  in  electric  generation  efficiency  caused  by the  increase
in temperature  due  to solar  radiation,  thereby  enhancing  the  electric  generation  efficiency.  The  results
showed  that  a BIPV  integrated  with  a MEPCM  layer  produced  a significant  improvement  in  the  thermal
and  electrical  performance  compared  to an  untreated  PV  module.  Under  local  summer  climatic  condi-
tions,  a melting  point  of  30 ◦C  and a 3-cm-thick  MEPCM  (using  paraffin  as the  core material)  layer  are
recommended  for the  thermal  management  medium.
. Introduction

.1. From PV to BIPV

Building-integrated photovoltaic (BIPV) refers to an architec-
ural design approach that combines photovoltaic (PV) panels with
he building construction system. This combination allows BIPV to
ot only feature a power generation function but also to become
art of the building facade. A reduction in the total energy con-
umed by the building can be achieved when BIPV is integrated
ith shading devices, daylighting, and illumination. Thus, BIPV

ransforms buildings from energy consumers into active power
enerators and is important to promote sustainable development
n the building sector.

.2. BIPV heat issues

Generally, the power output from a PV system is roughly pro-
ortional to the PV cell area and the solar irradiation on the PV

ell surface. The power output is also affected by shading, cell tem-
erature, dust on the PV surface, the sunlight incidence angle, and
he irradiation spectral distribution. The PV cell temperature is

∗ Corresponding author. Tel.: +886 6 2757575x63136; fax: +886 6 2090569.
E-mail addresses: lily.lcm@msa.hinet.net, cmlai@mail.ncku.edu.tw (C.-M. Lai).

378-7788/$ – see front matter © 2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.enbuild.2013.08.035
©  2013  Elsevier  B.V.  All  rights  reserved.

associated with the generation efficiency of the solar irradiation
energy that is converted to electricity. The nominal power of a PV
module is tested under standardized testing conditions (AM1.5,
25 ◦C, 1000 W/m2). However, in a normal environment, it is dif-
ficult to maintain a PV cell temperature of 25 ◦C because the cell
is affected by ambient climate and heat transfer conditions. The
efficiencies in a PV module decrease as the module tempera-
ture increases [1]. Therefore, whenever possible, it is necessary to
enhance the heat dissipation of a PV module.

1.3. Application of PCM on BIPV heat dissipation

During the processes of melting or solidification, a PCM (phase
change material) can effectively release or store a great amount of
latent heat. The temperature of PCM can also be stably maintained
during the latent heat transfer process. Therefore, in the application
of energy storage and thermal environmental control, PCM is a very
promising material choice.

The applications of PCM include thermal storage [2–4], inte-
gration with building materials [5–18] and usage in fireproof
engineering. Comprehensive literature reviews on PCMs, thermo-

physical properties, long term stability, impregnation methods,
current building applications and their thermal performance anal-
yses, as well as numerical simulation of buildings with PCMs can
be found in the review articles [19–22].

dx.doi.org/10.1016/j.enbuild.2013.08.035
http://www.sciencedirect.com/science/journal/03787788
http://www.elsevier.com/locate/enbuild
http://crossmark.crossref.org/dialog/?doi=10.1016/j.enbuild.2013.08.035&domain=pdf
mailto:lily.lcm@msa.hinet.net
mailto:cmlai@mail.ncku.edu.tw
dx.doi.org/10.1016/j.enbuild.2013.08.035
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Nomenclature

Ap capsule surface area
c, Cp specific heat (J/kg K)
CF Forchheimer coefficient
dp particle diameter
E electricity
Ė electric power output per unit cell area (W/m2)
g gravitational acceleration (m/s2)
Gs incident solar irradiation (W/m2)
Gs,o maximum incident solar irradiation (W/m2)
h heat convection coefficient (W/m2 K)
H height (m)
hLS latent heat (J/kg)
k thermal conductivity coefficient (W/m K)
K Ergun surface constant (m2)
P pressure (N/m2)
q heat transfer rate (W)
q′′ heat flux (W/m2)
Q accumulated heat in a time period (J)
t time (s)
T temperature (◦C)
u+ x-direction velocity (m/s)
u dimensionless x-direction velocity (m/s)
U overall heat transfer coefficient (W/m2 K)
∀ capsule volume (m3)
v+ y-direction velocity (m/s)
v dimensionless y-direction velocity (m/s)
W width (m)
x =x+/W
y =y+/H

Greek letters
˛  thermal diffusivity (m2/s)
˛r,pv absorptivity of the PV

ˇT,f fluid expansion coefficient

(
= − 1

�f,o

(
∂�f
∂T

)
εi,Tc

)

ı thickness (m)
� porosity
� efficiency
�pv temperature dependent coefficient
� viscosity (N s/m2)
	 kinematic viscosity (m2/s)
� density (kg/m3)

t delaying coefficient
ω dimensionless vorticity
ω+ vorticity
� melt fraction

 difference
� dimensionless streamline
�+ streamline

Subscript
0 time = 0
avg average
Bottom bottom
c boundary point
day accumulated value of the investigated day
f fluid
Gd lower glass part
Gs solar irradiation

Ld lower boundary of the left partition plate
left left
Lr right-hand side boundary of the left partition plate
Lrd right lower boundary part of the left partition plate
Lru right upper boundary part of the left partition plate
Lu upper boundary of the left partition plate
m mixed MEPCM-fluid
max  maximum
M;  melt melt
night night
off HVAC off
o outer; reference
on HVAC on
out outward
p MEPCM particle
pcm phase change material
pt partition plate
pv photovoltaic cell
ref reference
rise sunrise
Rd lower boundary of the right partition plate
RL left-hand side boundary of the right partition plate
RLu left upper boundary part of the right partition plate
RLd left lower boundary part of the right partition plate
Right right
Ru upper boundary of the right partition plate
set sunset
stored stored
T outdoor air temperature
Top top
w wind
x x-axis
y y-axis
∞ environment
∞,i  indoor
∞,o outdoor

Superscript
Gu upper glass part
i initial; inside
in inward
− average
+ dimensional

The existing literature on MEPCM-incorporated BIPV effective-
ness on solar heat removal is still limited. The present study aims
to explore the efficacy of using a layer of water-saturated MEPCM
as a passive thermal management medium for a PV module under
various daily operation conditions, via CFD numerical simulations.

2. Mathematical formulation and numerical method

2.1. Test cell

The test cell is illustrated in Fig. 1. The copper-colored block rep-
resents the container for the MEPCM, and the gray block represents
the MEPCM layer. Gs(t) denotes the amount of solar radiation; ıpv
denotes the PV cell thickness, and Hpt denotes the height of the top
and bottom frame walls of the MEPCM container. The height and
thickness of the left and right frame wall are denoted by Hpt and
Wpt, respectively, and W and H denote the thickness and height of
the MEPCM layer, respectively.
The resulting transient conjugate heat transfer processes of con-
duction across the PV layer, as well as buoyancy-driven water
convection in the porous layer packed with MEPCM particles can
then be modeled by invoking the following assumptions:
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Fig. 1. Schematic of heat transfer in 

(a) Because the temperature gradient along the thickness ıpv of the
PV cell is negligibly small, the conduction is one-dimensional
and takes place along its length.

b) The thermal properties of the PV cell are isotropic and constant.
(c) The time-dependent solar irradiation onto the outer surface of

the PV cell is uniform at Gs(t).
d) The outer surface of the PV cell has an effective absorptivity of
˛r, pv.

e) The rectangular MEPCM layer is treated as a water-filled
isotropic and homogenous porous medium with a porosity of
�f.

(f) The MEPCM particles are spheres of uniform diameter d+
p in

local thermal equilibrium with the fluid, except during the
solid-liquid phase change process.

g) The thermophysical properties of the fluid and the MEPCM
particles are constant except for the density variation for the
buoyancy force, which is treated using the Boussinesq approx-
imation.

.2. Dimensional mathematical model
.2.1. Photovoltaic cell energy balance
The PV cell energy balance consists of a convection term, a solar

rradiation term, and a term for the heat flux through the back of
he cell. Two cells are shown in Fig. 2: a cell without a MEPCM layer

Fig. 2. PV cell energy balance.
EPCM module. The PV/MEPCM cell.

(which will be referred to as an untreated PV cell) and a cell with
a MEPCM layer (which will be referred to as a PV/MEPCM cell).
The heat flux exiting the untreated PV cell is equal to the convec-
tion through the back of the cell, whereas the heat flux exiting the
PV/MEPCM cell is equal to the heat flux entering the MEPCM layer.

The energy balance can be written as follows:

�pvcpvıpv
∂Tpv
∂t

=kpvıpv
∂2Tpv
∂y+2

+ ˛r,pvGs − Ėpv − Uo(Tpv − T∞,o) − q′′
pv,in

(1)

The electric power output Ėpv per unit cell area is calculated
using the following equation:

Ėpv = Gs�pv (2)

where the electrical efficiency exhibits the following dependence
on the PV temperature:

�pv = �pv,ref
[
1 − �pv

(
Tpv − Tpv,ref

)]
(3)

where Tpv,ref is the solar cell reference temperature of 25 ◦C and
�pv is a material-dependent temperature coefficient for the PV cell,
which has a value of 4.5 × 10−3 (1/K) in this study.

In addition, a gap forms between the upper and lower solar cells
during the packaging of the PV modules. It is assumed that the
material in the gap has properties similar to those of glass and that
there is no heat transfer along the height and the thickness, as illus-
trated by the Gu and Gd points in Fig. 3. The frame point calculations
for the PV cell can be divided into calculations for the untreated PV
cell and the PV/MEPCM cell:
(a) Untreated PV cell

�ccp,c
∂Tc,i
∂t

= q′′
c,in − q′′

c,out (4a)
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where ∣ �V ∣ = u+2 + v+2 and CF is the Forcheimer equation coeffi-
cient, which is set to 0.55. This value can be assumed to be constant
as long as the porosity of the medium is between 0.4 and 0.6. The
viscosity of the porous medium is denoted by�e, where, typically,
�e = �f for non-Darcy flow [23].

(b) Stream function and the vorticity equation
Fig. 3. Illustration of the co

here

 =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

Gu ⇒ q′′
c,in

= −kpv
∂Tpv
∂y+

∣∣∣∣
y+=H

; q′′
c,out = Ui(Tc,i − T∞,i)

Gd ⇒ q′′
c,in

= 0; q′′
c,out = −kpv

∂Tpv
∂y+

∣∣∣∣
y+=0

+ Ui(Tc,i − T∞,i)

.

(b) PV/MEPCM cell

ccp,c
∂Tc,i
∂t

= q′′
c,in − q′′

c,out (4b)

here

 =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

Gu ⇒ q′′
c,in

= −kpv
∂Tpv
∂y+

∣∣∣∣
y+=H

; q′′
c,out = −kpt

∂Tpt,Lu
∂x+

∣∣∣∣
x+=0

Gd ⇒ q′′
c,in

= 0; q′′
c,out = −kpv

∂Tpv
∂y+

∣∣∣∣
y+=0

− kpt
∂Tpt,Ld
∂x+

∣∣∣∣
x+=0

.

.2.2. Mathematical equations
(a) Momentum equation for the MEPCM layer
Assuming only two-dimensional heat transfer inside the

EPCM layer, as illustrated in Fig. 3, the continuity equation can
e expressed as follows:

∂u+

∂x+ + ∂v+

∂y+ = 0 (5)

The momentum equation follows the Darcy–Brinkman–
orcheimer integrated model [23]. Using the Boussinesq approx-
mation (
�f � 
�f,0 and �f ≈ �f,0) yields the following the x+- and
+
-components of the momentum equations:

T,f = − 1
�f,0

(
∂�f
∂T

)
(6)
tional domain (side view).

x+-component of the momentum equation:

�f

[
�f

−1 ∂u
+

∂t+
+ �f

−2 (
u+ × ∇)

u+
]

= −∂P
+

∂x+ + ∂

∂x+

(
�e
∂u+

∂x+

)

+ ∂

∂y+

(
�e
∂u+

∂y+

)
− �f
K
u+ − CFK

−0.5
∣∣∣−→V +∣∣∣u+ (7a)

y+-component of the momentum equation:

�f

[
�f

−1 ∂v+

∂t
+ �f

−2 (
v+ × ∇)

v+
]

= −∂P
+

∂y+ + ∂

∂x+

(
�e
∂v+

∂x+

)

+ ∂

∂y+

(
�e
∂v+

∂y+

)
− �f
K

v+ − g�f ˇT,f (T − Tref ) − CFK
−0.5

∣∣∣−→V +∣∣∣v+

(7b)

where K is the Ergun equation coefficient, which is given by

K =
d2
p�

3
f

150
(

1 − �f
)2

(8)

∣ +∣ √
The stream function can be described by the following equation:

∂2 +

∂x+2
+ ∂2 +

∂y+2
= −ω+ (9)
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The vorticity equation is obtained by combining Eqs. (7a), (7b)
nd (9) to yield

1
�f

∂ω+

∂t
+ 1

�2
f

(
∂(u+ω+)
∂x+ + ∂(v+ω+)

∂y+

)
=

(
�̃

�f

)
	f
�f

∇2ω+

+ gˇT,f
∂Tm
∂x+ − 	f

K
ω+ − cF√

K

∣∣�u∣∣ω+ (10)

(c) Energy balance
A heat transfer model for a rectangular container [24] is appro-

riated for the energy balance, which includes the melting rate for
he phase change and the melting rate equations listed below:

mcp,m
∂Tm
∂t

+  �f cp,f

(
u+ ∂Tm
∂x+ + v+ ∂Tm

∂y+

)
=

[
km
∂2Tm
∂x+2

+ km
∂2Tm
∂y+2

]

−
(

1 − �f
)
�phLS

(
∂�

∂t

)
(11)

The mixture density and the specific heat capacity of the mixture
an be calculated as follows:

m = �f �f + (1 − �f )�p (12)

p,m = �f �f cp,f + (1 − �f )�pcp,p
�f �f + (1 − �f )�p

(13)

(d) Melting fraction equation
The relationship between the MEPCM temperature and the

elted fraction can be described by the following equation:

∂�

∂t
= Aphp
�p∀phLS

[
(Tm − TM) − 
t

∂Tm
∂t

]
(14)

The delay entry can be expressed as

t =
[

(∀p/Ap)2

˛p

] (
cp.m
cp,p

)
(15)

(e) Energy balance for the container frame wall
Fig. 3 shows that the numerical computation block includes the

V cell, the frame points of the PV cell, the frame walls (top, bot-
om, left, and right) of the MEPCM container, and the MEPCM layer.
ssuming that the top and bottom frame walls are symmetric, the
radient in the y-direction is zero. The energy balance between the
op and bottom frame walls is given by:

ptcp,ptHpt
∂Tpt,Top
∂t

=kptHpt
∂2Tpt,Top
∂x+2

+ q′′
pt,in; q′′

pt,in=−km ∂Tm
∂y+

∣∣∣∣
y+=H
(16a)

ptcp,ptHpt
∂Tpt,Bottom

∂t
= kptHpt

∂2Tpt,Bottom
∂x+2

− q′′
pt,out; q′′

pt,out

= −km ∂Tm
∂y+

∣∣∣∣
y+=0

(16b)

Because the x-direction is the primary heat transfer direction,
nly heat conduction along the thickness of the left frame wall
eeds to be considered. However, the spacer grid on the boundary
f the left frame wall must be considered separately to prevent
on-convergence of the numerical scheme due to an energy

mbalance between the contact surface of the frame wall and the

EPCM layer. The left boundary of the left frame wall directly

ontacts the PV cell so that the temperature of the left frame wall
s equal to the temperature of PV cell. The corresponding energy
alance for the left frame wall is given below.
ings 67 (2013) 322–333

(1) Points within the left frame wall (0 < x+ < Wpt, 0 < y+ < H)

�ptcp,pt
∂Tpt,Left
∂t

= kpt

(
∂2Tpt,Left
∂x+2

+ ∂2Tpt,Left
∂y+2

)
(17)

(2) Top and bottom boundaries of the left frame wall

�ptcp,ptHpt
∂Tpt,Lu
∂t

= kptHpt
∂2Tpt,Lu
∂x+2

+ q′′
pt,in; q′′

pt,in

= −kpt
∂Tpt,Left
∂y+

∣∣∣∣
y+=H

; 0 < x+ < Wpt, y+ = H

(18a)

�ptcp,ptHpt
∂Tpt,Ld
∂t

=  kptHpt
∂2Tpt,Ld
∂x+2

− q′′
pt,out; q′′

pt,out

= −kpt
∂Tpt,Left
∂y+

∣∣∣∣
y+=0

; 0 < x+ < Wpt, y+ = 0

(18b)

(3) Right boundary of the left frame wall (x+ = Wpt ; 0 < y+ < H)

�ptcp,ptWpt
∂Tpt,Lr
∂t

= kptWpt
∂2Tpt,Lr
∂y+2

+ q′′
pt,in − q′′

pt,out (19)

where

q′′
pt,in = −kpt

∂Tpt,Left
∂x+

∣∣∣∣
x+=Wpt

; q′′
pt,out = −km ∂Tm

∂x+

∣∣∣∣
x+=Wpt

(4) Upper right (x+ = Wpt, y+ = H) and lower right boundary point
(x+ = Wpt, y+ = 0) of the left frame wall

�ccp,c
∂Tc,i
∂t

= q′′
c,in − q′′

c,out (20)

where

i=

⎧⎪⎨
⎪⎩
Lru; q′′

c,in
= −kpt

∂Tpt,Lu
∂x+

∣∣∣
x+=Wpt

− kpt
∂Tpt,Lr
∂y+

∣∣∣
y+=H

; q′′
c,out = −kpt

∂Tpt,Top
∂x+

∣∣∣
x+=Wpt

Lrd; q′′
c,in

= −kpt
∂Tpt,Ld
∂x+

∣∣∣
x+=Wpt

; q′′
c,out = −kpt

∂Tpt,Lr
∂y+

∣∣∣
y+=0

− kpt
∂Tpt,Bottom
∂x+

∣∣∣
x+=Wpt

The right frame wall is treated similarly to the left frame wall.
The right boundary does not contact any other computational
domain and does not need to be considered separately. The right
boundary can be included in the internal points for the calculations
as given below.

(1) Internal points of right frame wall (Wpt + W < x+ ≤ 2Wpt + W,
0 < y+ < H)

�ptcp,pt
∂Tpt,Right
∂t

= kpt

(
∂2Tpt,Right
∂x+2

+ ∂2Tpt,Right
∂y+2

)
(21)

(2) Top and bottom boundaries of right frame wall

Wpt + W < x+ ≤ 2Wpt + W,  y+ = H :

�ptcp,ptHpt
∂Tpt,Ru
∂t

= kptHpt
∂2Tpt,Ru
∂x+2

+ q′′
pt,in

; q′′
pt,in

= −kpt
∂Tpt,Right
∂y+

∣∣∣
y+=H

(22a)

Wpt + W < x+ ≤ 2Wpt + W,  y+ = 0 :

�ptcp,ptHpt
∂Tpt,Rd
∂t

= kptHpt
∂2Tpt,Rd
∂x+2

− q′′
pt,out ; q′′

pt,out = −kpt
∂Tpt,Right
∂y+

∣∣∣
y+=0

(22b)
(3) Left boundary of the right frame wall (x+ = Wpt + W ; 0 < y+ < H)

�ptcp,ptWpt
∂Tpt,Rl
∂t

= kptWpt
∂2Tpt,Rl
∂y+2

+ q′′
pt,in − q′′

pt,out (23)
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here

′′
pt,in = −km ∂Tm

∂x+

∣∣∣∣
x+=Wpt+W

; q′′
pt,out = −kpt

∂Tpt,Right
∂x+

∣∣∣∣
x+=Wpt+W

(4) Upper left boundary point (x+ = Wpt + W,  y+ = H) and lower
eft boundary point (x+ = Wpt + W,  y+ = 0) of the right frame wall

ccp,c
∂Tc,i
∂t

= q′′
c,in − q′′

c,out (24)

here

 =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

Rlu; q
′′
c,in

= −kpt
∂Tpt,Top
∂x+

∣∣∣∣
x+=Wpt+W

− kpt
∂Tpt,Rl
∂y+

∣∣∣∣
y+=H

; q
′′
c,out =

Rld; q
′′
c,in

= −kpt
∂Tpt,Bottom
∂x+

∣∣∣∣
x+=Wpt+W

; q
′′
c,out = −kpt

∂Tpt,Rl
∂y+

∣∣∣∣
y+=

.3. Initial conditions, boundary conditions, and environmental
arameters

The initial temperatures of the PV cell, the container frame walls,
nd the MEPCM layer are assumed to be the same as the outdoor
emperature. The boundary conditions for the MEPCM layers are
et by assuming the same temperatures for the layers and the con-
acting frame walls.

.3.1. Initial and boundary conditions for the PV cell
 = 0 :

pv(y+, t = 0) = T∞,o (25)

 > 0 :

+ = H : Tpv = Tc,Gu (26a)

+ = 0 : Tpv = Tc,Gd (26b)

.3.2. Initial and boundary conditions for MEPCM layer
 = 0 :

m(x+, y+, t =0)=T∞,o; ω+(x+, y+, t =0)= +(x+, y+, t = 0) = 0

(27)

 > 0 :

+ = Wpt :  + = 0; Tm = Tpt,Left (28a)

+ = Wpt + W :  + = 0; Tm = Tpt,Right (28b)

+ = H :  + = 0; Tm = Tpt,Top (28c)

+ = 0 :  + = 0; Tm = Tpt,Bottom (28d)

.3.3. Initial and boundary conditions for the MEPCM frame walls
 = 0 :

pt,Top(x+, t = 0) = Tpt,Bottom(x+, t = 0) = T∞,o (29a)

pt,Left(x
+, y+, t = 0) = Tpt,Right(x

+, y+, t = 0) = T∞,o (29b)

 > 0 :
(a) Boundary condition for the left frame wall

+ = 0, 0 < y+ < H : Tpt,Left = Tpv; q′′
pv,in = −kpt

∂Tpt,Left
∂x+

∣∣∣∣
x+=0

(30a)
ings 67 (2013) 322–333 327

t
∂Tpt,Ru
∂x+

∣∣∣∣
x+=Wpt+W

pt
∂Tpt,Rd
∂x+

∣∣∣∣
x+=Wpt+W

x+ = 0, y+ = H : Tpt,Left = Tc,Gu (30b)

x+ = 0, y+ = 0 : Tpt,Left = Tc,Gd (30c)

(b) Boundary condition for the right frame wall

x+ = 2Wpt + W,  0 ≤ y+ ≤ H : −kpt
∂Tpt,Right
∂x+ = Ui

(
Tpt,Right − T∞,i

)
(31)

(c) Boundary condition for the top frame wall and the bottom frame
wall

x+ = Wpt : Tpt,Top = Tc,Lu; Tpt,Bottom = Tc,Ld (32a)

x+ = Wpt + W : Tpt,Top = Tc,Ru; Tpt,Bottom = Tc,Rd (32b)

2.3.4. Setting the environmental parameters
To describe the actual environmental conditions as closely as

possible, solar radiation is considered to be a function of time. The
level of solar radiation immediately before sunrise and immediately
after sunset is zero. Immediately after sunrise, the radiation begins
to increase until a maximum is reached, after which the radiation
decreases until sunset. The solar radiation is modeled as follows:

Gs(t) =

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

0, 0 ≤ t < trise,Gs

Gs,o sin[
�(t − trise,Gs)

2(tmax,Gs − trise,Gs)
], trise,Gs ≤ t < tmax,Gs

Gs,o cos[
�(t − tmax,Gs)

2(tset,Gs − tmax,Gs)
], tmax,Gs ≤ t < tset,Gs

0, tset,Gs ≤ t ≤ 24

(33)

where trise,Gs is the time of sunrise; tmax,Gs is the time at which the
solar radiation is at a maximum; and tset,Gs is the time of sunset.

Experimental measurements by our research group in 2011
demonstrated that there is no heat radiation to the outdoor air
before sunrise and after sunset, and thus, the outdoor air tempera-
ture change is almost linear with time. Therefore, the actual outdoor
temperature is approximated by a piece-wise function with four
intervals, as follows:

T∞,0(t) =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

T∞,night − t

(
T∞,night − T∞,rise

trise,T

)
, 0 ≤ t < trise,T

T∞,rise +
(
T∞,max − T∞,rise

)
sin[

�(t − trise,T )
2(tmax,T − trise,T )

], trise,T ≤ t < tmax,T

T∞,set + (T∞,max − T∞,set) cos[
�(t − tmax,T )

2(tset,T − tmax,T )
], tmax,T ≤ t < tset,T

T∞,set − (t − tset,T )

(
T∞,set − T∞,0
(24 − tset,T )

)
, tset,T ≤ t ≤ 24

(34)

where trise,T is the first point of the outdoor temperature curve;
tmax,Tis the time at which the highest outdoor temperature occurs;

tset,T is the final point of the outdoor temperature curve; T∞,0is the
outdoor temperature at midnight; T∞,riseis the outdoor temper-
ature at trise,T; T∞,maxis the maximum outdoor temperature; and
T∞,setis the outdoor temperature at tset,T.
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In addition, the indoor temperature is maintained at T∞,i,ref
etween trise,Tand tset,Twith indoor air-conditioning. During time

ntervals without air-conditioning, the indoor and outdoor tem-
eratures are the assumed to be the same, as given below:

∞,i(t) =

⎧⎪⎨
⎪⎩
T∞,o, 0 ≤ t < trise,T

T∞,i,ref , trise,T ≤ t < tset,T

T∞,o, tset,T ≤ t ≤ 24

(35)

here the reference temperature difference�Tref is defined by

Tref = Gs,o
km/H

(36)

To simplify the numerical model, all dimensional equations are
onverted to dimensionless equations.

.4. Calculations of thermal and electrical physical parameters

(a) Average temperature of the PV cell surface

pv,avg = 1
H

H∫
0

Tpvdy (37)

(b) Average electrical generation efficiency of the PV cell surface
The average electric generating efficiency of the PV cell surface

�pv,avg) is obtained by integrating the local electrical generation
fficiency over the y-axis.

pv,avg = 1
H

H∫
0

�pvdy
+ =

1∫
0

�pvdy (38)

(c) Total electric generating capacity of the PV cell in the time
omain

The total electric generating capacity of the PV cell is obtained
y integrating each time interval over the y-axis.

pv,E(�t) =
trise+�t∫
trise

H∫
0

Ėpvdy
+dt =

trise+�t∫
trise

H∫
0

Gs�pvdy
+dt

=
trise+�t∫
trise

GsH�pv,avgdt (39)

(d) Time averaged electric-generating efficiency of the PV cell
The average electric-generating efficiency of the surface of the

V cell during the day will fluctuate with changes in the average
urface temperature. Therefore, the ratio of the electricity gener-
ted within the time interval to the overall solar radiation ( �̄pv,avg)
s needed to compare the performance of the PV cell at different
ime intervals.

¯ pv,avg(�t) = Qpv,E(�t)
Qs(
t)

=
∫ trise+�t
trise

Gs�pv,avgdt∫ trise+�t
trise

Gsdt
(40)

(e) Average surface heat transfer rate from the PV cell to the left
rame wall
′′
pv,in,avg = 1

H

H∫
0

q′′
pv,indy

+ (41)
ings 67 (2013) 322–333

(f) Total heat transferred from the PV cell to the left frame wall
in the respective time interval

Qpt,Left,o(�t) = H

t+�t∫
t

q′′
pv,in,avgdt (42)

(g) Average surface heat transfer rate from the left frame wall
to the MEPCM layer

q′′
pt,Left,i,avg = 1

H

H∫
0

q′′
pt,Left,idy

+ (43)

(h) Total heat transferred from the left frame wall to the MEPCM
layer in the respective time interval

Qm,o(�t) = H

t+�t∫
t

q′′
pt,Left,i,avgdt (44)

(i) Average surface heat transfer rate from the MEPCM layer to
the right frame wall

q′′
pt,Right,o,avg = 1

H

H∫
0

q′′
pt,Right,ody

+ (45)

(j) Total heat transmitted from the MEPCM layer to the right
frame wall in the respective time interval

Qm,i(�t) = H

t+�t∫
t

H∫
0

q′′
pt,Right,ody

+dt (46)

(k) Average surface heat transfer rate transmitted from the right
frame wall to the internal environment

q′′
pt,Right,i,avg = 1

H

H∫
0

q′′
pt,Right,idy

+ (47)

(l) Total heat transmitted from the right frame wall to the inter-
nal environment in the respective time interval

Qpt,Right,i(�t) =
t+�t∫
t

H∫
0

q′′
pt,Right,idy

+dt (48)

(m)  Energy fraction stored by the MEPCM layer in the respective
time interval

Assuming that the direction of heat transfer is positive from left
to right, there are four cases that correspond to heat entering and
exiting the inner and outer walls of the MEPCM layers. The range
of Q ∗

m,stored
is between 0 and 1,where 0 corresponds to the case in

which both the inner and outer walls of the MEPCM layer dissipate
the heat and 1 corresponds to the case in which there is heat input
to both the inner and outer walls of the MEPCM layer.

(1) Qm,o > 0&Qm,i > 0 :
⇒ QPCM,in = Qm,o; QPCM,out = Qm,i

⇒ Q ∗
m,stored

(�t) = 1 − QPCM,out
QPCM,in

(49)
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Table  1
Summer environmental parameters.

Uo (W/m2 K) 12 trise,T (h) 6
Ui,on (W/m2 K) 10 tmax,T (h) 14
Ui,off (W/m2 K) 5 tset,T (h) 19
Gs,o (W/m2) 800 T∞,night (◦C) 25.9
trise,Gs (h) 6 T∞,rise (◦C) 24.3
tmax,Gs (h) 14 T∞,max (◦C) 32.3
tset,Gs (h) 19 T∞,set (◦C) 28.1

Table 2
Geometric parameters.

H 5 cm
W To be determined (cm)
ıpv 1.8 mm
Hpt 1.8 mm
Wpt 2 mm
d+
p 18 �m

Table 3
Physical parameters.

km 0.41 W/m  K cp,p 1800 J/kg s
kpv 168 W/m  K cp,pv 2790 J/kg s
kf 0.613 W/m  K cp,pt 900 J/kg s
kpt 237 W/m  K cp,g 750 J/kg s
hls 172000 J/kg ˛f 1.47 × 10−7 m2/s
�f 8.55 × 10−4 kg/m s ˛r,pv 0.45
	f 8.575 × 10−7 m2/s ˇT,f 276.1 × 10−6 1/K
�f 997.1 kg/m3 �pv 4.5 × 10−3%/K
�p 900 kg/m3 �f 0.46
�pv 883 kg/m3 �pv,ref 0.2

3

(

⇒

(

⇒

2

m
t
U
c
(
i
T

2

t

Table 4
Set of simulation parameters for model vilification.

Uo (W/m2 K) 4.36 trise,T (h) 6
Ui,on (W/m2 K) 3 tmax,T (h) 14
Ui,off (W/m2 K) 2.8 tset,T (h) 19
Gs,o (W/m2) 250 T∞,night (◦C) 18.5
trise,Gs (h) 6 T∞,rise (◦C) 17.7

radiation increased over time after sunrise, resulting in an increase
in the temperature of the PV cell. Because there is no solar radiation
after sunset, the PV cell temperature was  mainly controlled by the
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Pred.
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Pred.

Exp.[I TRI ]
�pt 2700 kg/m CF 0.55
�g 2500 kg/m3 Tpv,ref 25 ◦C
cp,f 4179 J/kg s T∞,i,ref 25 ◦C

(2) Qm,o > 0 & Qm,i < 0 :

⇒ QPCM,in = Qm,o + Qm,i; QPCM,out = 0

Q ∗
m,stored

(�t) = 1 − QPCM,out
QPCM,in

= 1
(50)

3) Qm,o < 0&Qm,i < 0 :

 QPCM,in = Qm,i; QPCM,out = Qm,o ⇒ Q ∗
m,stored(�t) = 1 − QPCM,out

QPCM,in

(51)

4) Qm,o < 0 and Qm,i > 0 :

 QPCM,in = 0; QPCM,out = Qm,o + Qm,i ⇒ Q ∗
m,stored(�t) = 0 (52)

.5. Parameter setting

This study mainly focuses on the impact of the thickness and the
elting point of the PCM in the MEPCM on the capacity for elec-

ric generation and temperature control of the PV/MEPCM module.
nder summer conditions, the total indoor thermal convection
oefficient is divided into a period with indoor air-conditioning
Ui,on) and a period without indoor air-conditioning (Ui,off); the fluid
n the MEPCM layer is water, and the frame wall is made of copper.
he values of various parameters are given in Tables 1–3.
.6. Numerical methods

A variable density grid system is used to improve the resolu-
ion of the numerical method. The time, space, convection, and
tmax,Gs (h) 15 T∞,max (◦C) 24.2
tset,Gs (h) 19 T∞,set (◦C) 20.6

vorticity wall boundary terms are treated by the first-order back-
ward, second-order central, FOU scheme, and Thom formula
discretizations, respectively. Implicit schemes are employed for the
temporal discretization. There are two  loops in the numerical sim-
ulation calculation process: the time loop and the space loop. The
iterative calculation continued until a prescribed relative conver-
gence of 10−5 was  satisfied for all the field variables in this problem.

3. Results and discussion

3.1. Comparison of the simulation and experimental results

The numerical simulation was first performed using experi-
mental data from April 2011 for the average daily amount of
sunlight, outdoor temperature, and outdoor wind speed. The sim-
ulated results were compared to the measured average surface
temperature of the PV module. The overall heat convection coeffi-
cient in the indoor and outdoor environment was  estimated using
Uo = 2.8 + 3Vw , where Vw is the wind speed. The average measured
wind speed was 0.52 m/s; therefore, the outdoor overall heat con-
vection coefficient used in the simulation was 4.36 W/m2 K. The
values of the other environmental parameters used in the simula-
tions are shown in Table 4. The amount of solar radiation and the
variation in the outdoor ambient temperature are shown in Fig. 4.

Fig. 5 shows that our predictions for the surface temperature
of the PV cell were generally in agreement with the experimen-
tal data. Because the solar radiation values used in the simulation
were slightly higher than the experimental values, the simulated
temperature of the PV cell was  slightly higher than that given by
the experimental data. The simulation results showed that the solar
t (hour)
0 4 8 12 16 20 24

Fig. 4. The solar radiation and outdoor temperature used in this stage simulation
works.
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Fig. 5. Comparison of simulation results and experimental data.

utdoor environmental temperature and fell rapidly to the same
evel as the outdoor ambient temperature.

.2. Effect of the MEPCM melting point

In the summer, outdoor air temperatures are high, and there is
trong sunshine; thus, the temperature of the PV cell should highly
ncrease. If the selected melting point of the MEPCM layer is too
ow, the MEPCM layer cannot afford to absorb latent heat during
eak sunshine hours to maintain the PV cell temperature, resulting

n a high PV cell temperature, which in turn causes the electric gen-
ration efficiency to decrease significantly. Moreover, the MEPCM
ayer cannot solidify completely, even during the nocturnal cool-
ng period, and thus, the phase change cycle cannot be recovered
ompletely. As a result, the full effect of the latent heat absorp-
ion cannot be repeatedly exploited by the MEPCM layer, which
herefore loses its effectiveness. The simulation results for the tem-
erature of the untreated PV module in the summer showed that
he melting points for the phase change were 26 ◦C, 30 ◦C, and 32 ◦C

or a 2-cm-thick MEPCM layer.

Fig. 6 shows the simulation results for PV/MEPCM cells with
elting points of 26 ◦C and 30 ◦C compared to those for the

ntreated PV cell under summer conditions. The figure shows that

ig. 6. Average surface temperature of the untreated PV cell and the PV/MEPCM
ells with PCM melting points of 26 ◦C and 30 ◦C.
ings 67 (2013) 322–333

the 26 ◦C-melting-point MEPCM layer began to melt at 7:30 am
and was completely melted by 12:00 pm;  the temperature of the
PV/MEPCM cell then rapidly increased and reached a maximum
temperature of 36.8 ◦C at 3:30 pm,  after which the temperature
began to decline. The liquid phase of the MEPCM layer contin-
ued to solidify until approximately 1:20 am the next day. Because
the outdoor temperature in the summer is relatively high (higher
than 26 ◦C most of the time), there was insufficient time for the
MEPCM layer to solidify. Consequently, before the MEPCM com-
pletely solidified, the MEPCM layer began to receive solar radiation
on the next day. The outdoor temperature began to increase again,
and the MEPCM layer began to melt instead of solidifying. Because
only a small amount of solidification occurred during the night, a
limited amount of latent heat was absorbed, and the MEPCM layer
melted completely in a very short time period. However, even with
the loss of the latent heat absorption effect, the heat transferred
into the PV cell can still be transferred to the indoor environment
via the MEPCM frame walls, and a portion of the heat can also be
absorbed due to the sensible heat of the MEPCM layer. Therefore,
the maximum temperature of the PV/MEPCM cell reached 36.9 ◦C
on the second day, which was still lower than the maximum tem-
perature of the untreated PV cell. Thus, the results indicate that an
MEPCM layer with a melting point of 26 ◦C is not effective under
summer climatic conditions.

The PV/MEPCM cell with a PCM melting point of 30 ◦C reached
the melting temperature at 9:00 am,  followed by melting of the
layer, which was accompanied by a continued increase in the
temperature of the PV/MEPCM cell due to the strong intensity of
the summer solar radiation. However, there was already a signifi-
cant temperature difference between the PV/MEPCM cell and the
untreated PV cell. The MEPCM layer melted completely at 1:30 pm,
followed by a rapid increase in the PV cell temperature up to a max-
imum temperature of 36.4 ◦C at 3:40 pm.  The PV/MEPCM cell with a
PCM melting point of 30 ◦C exhibited a maximum temperature that
was 0.2 ◦C lower and occurred approximately 10 min  later than the
maximum temperature for the 26 ◦C layer. The temperature of the
PV/MEPCM cell began to decline beyond the maximum tempera-
ture. The MEPCM layer started to solidify at 7:00 pm and completely
solidified at approximately 3:30 am the next morning. Meanwhile,
the temperature of the PV/MEPCM cell continued to decline until
sunrise on the next day. The temperature of the PV/MEPCM cell then
began to increase again as the solar radiation and outdoor temper-
ature increased. Due to the complete solidification of the MEPCM
layer during the nocturnal cooling period, the phase change cycle
was completed. In the daytime on the second day, the MEPCM layer
exploited the full effect of the latent heat absorption. Consequently,
the temperature variation of the PV/MEPCM cell on the next day
was consistent with the first day, exhibiting the same trend. The
melting situation of the MEPCM layer at a different time is shown
in Fig. 7.

For comparison with the 30 ◦C melting point MEPCM layer,
we further increased the melting point of the MEPCM layer to
32 ◦C. The results are shown in Fig. 8. The PV/MEPCM cell with a
melting point of 32 ◦C reached the melting temperature at 10:00
am,  when the MEPCM layer began to melt. The layer completely
melted at approximately 3:00 pm;  in the meantime, the tem-
perature of the PV/MEPCM cell started to increase, reaching a
maximum of 35.3 ◦C at 4:15 pm,  which was 1.1 ◦C lower than
the maximum temperature attained for the MEPCM layer with
a melting point of 30 ◦C. The maximum temperature occurred
35 minutes later than for the MEPCM layer with a melting point of
30 ◦C. The temperature of the PV/MEPCM cell subsequently started

to decline until the phase change temperature was  reached at
approximately 6:20 pm,  at which point the MEPCM layer began
to solidify, completing the phase change cycle at 0:15 am the next
day.
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ig. 7. Variation in the melting situation over the PV/MEPCM cell (30 ◦C melting
oint and 2-cm MEPCM layer thickness).

.3. Effect of the MEPCM layer thickness

The PV/MEPCM cell module may  not reach as high a temperature
n the spring and fall as in the summer; in addition, the time period
ver which the temperature remains above 32 ◦C might not be as
ong in the spring and fall as in the summer. Thus, a MEPCM layer

ith a melting point of 32 ◦C may  not be effective in the spring
nd autumn. Therefore, a MEPCM layer with a melting point of
0 ◦C was used to investigate the effect of the MEPCM layer thick-
ess. The layer thickness was increased from 2 cm (Am = 0.4) to 3 cm
A = 0.6) to explore the effect of layer thickness on the PV/MEPCM
m

ell temperature.
Fig. 9 shows that the PV/MEPCM cell with a 3-cm-thick MEPCM

ayer did not melt completely at the sunshine peak (2:00 pm).

ig. 8. Average surface temperatures of an untreated PV cell and PV/MEPCM cells
ith MEPCM layer melting points of 30 ◦C and 32 ◦C.
Fig. 9. Average surface temperatures for the untreated PV cell and the PV/MEPCM
cell  with various MEPCM layer thicknesses.

Therefore, the increase in the temperature of the PV/MEPCM cell
could be controlled using latent heat absorption. Subsequently,
the solar radiation began to decline, but because the solar radi-
ation and the outdoor temperature were still relatively high, the
MEPCM layer continued to melt, and the absorbed external heat
was transferred into the system between 2:00 pm and 3:00 pm.
At approximately 3:30 pm,  the MEPCM layer melted completely,
and the temperature of the PV/MEPCM cell continued to increase.
However, because the sunshine radiation and outdoor temperature
had declined, the increase in the temperature of the PV/MEPCM cell
was not significant. The maximum temperature reached 33.9 ◦C at
4:40 pm.

Increasing the layer thickness increases the MEPCM content
of the PV cell; therefore, a longer time is required for complete
solidification during the cooling period. The figure shows that the
MEPCM layer began to solidify at 7:00 pm. The temperature of
the PV/MEPCM cell was  maintained at approximately the melting
temperature throughout the entire subsequent evening period. The
MEPCM layer did not completely solidify until 7:00 am the next day.
At this time, the solar radiation and outdoor temperature began
to increase, along with the temperature of the PV/MEPCM cell,
which reached the melting temperature again at 9:00 am the next
morning. As a result, the MEPCM layer began to melt, effectively
controlling the increase in the temperature of the PV/MEPCM cell
again. The variation in the temperature profile for the PV/MEPCM
cell throughout the next day was  the same as the temperature vari-
ation during the first day. These simulation results confirmed that
a 3-cm-thick MEPCM layer with a melting point of 30 ◦C can still
complete the phase change cycle under summer conditions and
that the latent heat absorption effect can be repeatedly exploited to
control the temperature increase of the PV/MEPCM cell. In addition,
melting can continue even during peak sunshine hours (from 1:00
pm to 3:00 pm), preventing the electric generation efficiency from
substantially decreasing due to the high cell temperature caused
by strong sunshine. Therefore, a melting point at 30 ◦C and a 3-
cm thickness for a MEPCM layer is an effective combination under
summer conditions.

3.4. Thermal management capabilities

Fig. 10 shows the energy storage fraction and the total heat
transfer for a PV/MEPCM cell with a melting point of 30 ◦C and a
thickness of 2 cm.  These curves are similar to those for a PV/MEPCM

◦
cell with a melting point of 32 C and a thickness of 2 cm and the
PV/MEPCM cell with a melting point of 30 ◦C and a thickness of
3 cm;  therefore, these two  PV/MEPCM cells will not be discussed
in this paper. The initial system temperature for the calculations
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Table 5
Overall performance of untreated PV cells versus PV/MEPCM cells.

Summer W (cm) TM (◦C) Tpv,max (◦C) �pv,min (%) �pv,min increase (%) �pv,day (%) �pv,day increase (%) Qpv,E,day (%) Qpv,E,day increase (%)

PV cell Without MEPCM 0 – 38.5 18.784 – 19.040 – 226.873 –
PV/MEPCM cell 2 32 35.3II 19.077II 1.560 19.328II 1.513 230.305II 1.513

2  30 36.4II 18.971II 0.996 19.327II 1.507 230.316II 1.518
19.422II 2.006 231.439II 2.013
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Fig. 11. Total heat transfer entering and exiting the inner and outer walls of the
3  30 34.1II 19.179II 2.103 

II Second day data.

as set to 24.3 ◦C, which corresponded to the outdoor tempera-
ure at 6:00 am.  The outdoor temperature immediately increased,
nd the indoor temperature was 25 ◦C at the start of the simulation.
hus, the MEPCM layer absorbed heat from both the indoor and out-
oor environment, resulting in an initial energy storage fraction of
nity. The system temperature then gradually increased by absorb-

ng heat. When the system temperature was higher than the indoor
oom temperature, the heat in the system began to be discharged
o the indoor environment, causing the energy storage fraction to
radually decrease as the system temperature increased.

Fig. 10 shows that the system temperature was maintained at
he phase change temperature when the MEPCM layer began to

elt, causing the total heat transfer (Qm,i) to increase slowly. At
he same time, the heat transferred into the system from the out-
oor environment continued to increase, and the energy storage
raction increased accordingly. When the MEPCM layer melted
ompletely, the rate of the increase in the total heat transfer to
he inner wall of the layer increased. The energy storage fraction
egan to decline. The energy storage fraction change on the second
ay showed the same trend as the solar radiation curve. The heat
bsorbed by the MEPCM layer from outside increased as the solar
adiation and outdoor temperature gradually increased over the
orning period. Therefore, the energy storage fraction showed

n increasing trend. However, after the peak sunshine period, the
eat absorbed by the MEPCM layer from solar radiation gradually
ecreased. At the same time, the heat exhaust from the MEPCM

ayer increased due to the large temperature difference between
he MEPCM layer and the external temperature. As a result, the
nergy storage rate began to decline.

Fig. 11 shows the total heat transfer that entered and exited the
uter and inner walls of the MEPCM layer. The total heat transfer
f inner wall for the MEPCM layer (30 ◦C melting point, 2 cm thick-
ess) was significantly lower than the other two sets of data after
:00 pm;  however, the total heat transfer of the outer wall was
igher than the other two sets of data, indicating that this MEPCM
ayer (30 ◦C melting point, 2 cm thickness) had a superior energy
torage fraction.

ig. 10. Energy storage fraction and total heat transfer for the PV/MEPCM cell with
 melting point of 30 ◦C and a thickness of 2 cm.
PV/MEPCM cell.

3.5. Comparison of thermal/electrical performance

Table 5 shows the performance of the untreated PV cell and
the PV/MEPCM cells under different conditions. It is obvious that
an MEPCM layer can be used as a passive temperature control
device to improve the performance of a PV cell. The PV/MEPCM
cell with 30 ◦C melting point and 3 cm layer thickness showed
the best performance. The maximum surface temperature of the
PV/MEPCM cell (30 ◦C melting point, 3 cm layer thickness) was
34.1 ◦C, 4.4 ◦C lower than that for untreated PV cell. The aver-
age minimum electric generation efficiency and the single-day
time-averaged electric generation efficiency of this PV/MEPCM cell
were 19.179% and19.422%, respectively, an increase of 2.103% and
2.006%, respectively, over the corresponding efficiencies for the
untreated PV cell. The single-day total electrical generating capac-
ity was 231.439 kJ/m, a 2.013% increase over the untreated PV cell
capacity. The PV/MEPCM cell with a melting point of 32 ◦C and
a 2 cm layer thickness also exhibited a relatively high minimum
average electrical generation efficiency because the maximum sur-
face temperature was  lower than that of the PV/MEPCM cell with
a 30 ◦C melting point and 2-cm layer thickness. However, in terms
of the single-day time averaged electric generation efficiency and
the single-day total electric generation, there was  no difference
between the PV/MEPCM cell with a 2-cm layer thickness and a 30 ◦C
melting point and that with a 32 ◦C melting point.

4. Conclusion

This study investigated the impact of MEPCM layers on the
surface temperature, electric generation efficiency and electric
generation capacity of PV cells under different environmental
conditions. The analysis of the simulation results yielded recom-

mendations for optimal melting points and layer thicknesses for
a PV module integrated with a MEPCM under summer conditions.
The conclusions of the study are summarized below.
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In this study, the simulation results for the PV cell heat trans-
er, outdoor temperature curve and solar radiation curve generally
gree with the experimental data.

In winter, the untreated PV cell had a maximum average sur-
ace temperature of 26.7 ◦C, a minimum surface average electric
eneration efficiency of 19.846%, and a single-day total electric gen-
ration capacity of 100.435 kJ/m; in summer, the highest average
urface temperature was 38.5 ◦C, the lowest average surface electric
eneration efficiency was 18.784%, and the single-day total electric
enerating capacity was 226.815 kJ/m.

Under high summer temperatures, a PV/MEPCM cell with a
elting point of 30 ◦C and a 3-cm thickness continued to undergo

 phase change during peak sunshine hours, which prevented a
ignificant decrease in the electric generation efficiency. The maxi-
um  temperature also decreased and occurred later in time. During

he nocturnal cooling period, the MEPCM layer could complete
 phase change cycle, repeatedly exploiting the effect of latent
eat absorption. The highest average surface temperature of the
V/MEPCM cell was 34.1 ◦C at 4:35 pm on the second day. The
ingle-day total electric generating capacity reached 231.439 kJ/m,
hich represented an increase of 2.013% over the untreated PV cell

alue.
The modeling and simulation results are limited to the used

ore material (pure PCM compound, paraffin) and the chosen spe-
ific location. To explore the practical aspect and applications
t other locations, PCMs with wide melting range and differ-
nt melting point could be tested. The model validation was
ased on the no PCM case, more detailed weather conditions and
hysical prototyping works are definitely needed, which are nec-
ssary steps towards developing more reliable predictive tools
or system design of a BIPV module integrated with a MEPCM
ayer.
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