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1. INTRODUCTION

Through the photovoltaic effect, photovoltaic (PV) panels convert sunlight into electricity. The
conversion efficiency is the ratio between the output energy (electrical energy) and the input energy (incident
light energy) of PV panels. This efficiency is affected by solar radiation, wind speed, dust, direction, tilt angle,
and operating temperature. For every 1°C increase in operating temperature of PV panels, the conversion
efficiency decreases by 0.4% - 0.5% [1]. The amount of solar radiation converted into electricity accounts for
about 6% - 20% of the total solar radiation received by PV panels [2]. The rest of the solar energy absorbed by
PV panels is converted into heat, this heat increases operating temperature of PV panels [3], [4].

Cooling for PV is a solution to enhance energy efficiency and thermal management. Active and
passive cooling are two techniques that reduce the temperature of PV panels. The advantages and
disadvantages of these solutions are compiled from [5]-{9] and shown in Table 1. Passive cooling of PV
panels is less costly, no additional energy expenditure, no operating maintenance costs or less, so passive
cooling is preferred over active cooling [10].

Heat sinks made from aluminum with flat plate fins are used for passive cooling of PV panels
[11]-[21]. Hernandez-Perez et al. [19] used plate aluminum fins with inclination for cooling of PV panels.
Hernandez-Perez et al. [11] added discontinuous plate aluminum fins to the back of PV panel to reduce
operating temperature. Heat sink with perforated aluminum fins was used to cool the PV panel, and evaluated
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the cooling ability [22]-[25]. Circular aluminum is the fin shape of the heat sink used for passive cooling of
monocrystalline solar panels [26], [27]. Sundarrajan et al. [28] used copper indium gallium selenide PV panel
model in Solidworks to simulate the cooling capacity of circular aluminum fins.

In addition, heat sinks made from copper have also been studied to evaluate the effectiveness of
cooling photovoltaic panels [29]-[33]. Hudisteanu et al. [34] used copper heat sink with perforated and non-
perforated fins for passive cooling of photovoltaic panels. According to the experimental results, the heat sink
reduced the panel’s operating temperature by 15 °C, and improved the conversion efficiency from 5.28% to
5.92%. Van Binh et al. [35] were compiled and evaluated the results of passive cooling solutions for PV
panels using heat sinks, heat sink added to the back of PV panels can reduce the operating temperature by
7 °C - 8 °C (aluminum heat sink) and about 15 °C (copper heat sink).

Table 1. Advantages and disadvantages of cooling techniques

Active cooling Passive cooling
Advantages Efficient heat transfer, precise temperature Good effectiveness, energy and cost saving, reliability, lifespan,
control, high cooling capacity quiet, environmentally friendly, easy to integrate into the system.

Disadvantages Using external energy, complex system, Slow heat dissipation, limited cooling capacity, difficult to
environmental impact, noise, large installation temperature control.
space, maintenance required, operating costs
Impact Enhanced performance, suitable for high heat Energy efficiency, cost savings, low maintenance cost,
load, applicable in important field. environmentally friendly, natural convection, sustainable design.

Currently, heat sinks are often made from aluminum and copper. Aluminum heat sink is lightweight,
cheap, but average thermal conductivity; copper heat sink has higher thermal conductivity, but heavy and
expensive. Hybrid material heat sink is made from copper and aluminum; it combines the advantages of two
materials to help improve heat dissipation efficiency. Nowadays, hybrid material heat sink is commonly used
to cool electronic devices. For passive cooling of PV panels, most studies have focused on single material
heat sink. In this study, we calculate the ability to cool PV panel using hybrid material heat sink, with
aluminum fins and heat sink base is made from aluminum and copper based on heat transfer theory. The
following part of the study is organized as follows: Part 2 presents calculation method; Part 3 presents
parameters and data used for calculation; Results and discussion are presented Part 4. The last part is the
conclusion.

2. CALCULATION METHOD

The PV panel adds hybrid material heat sink for passive cooling. Structural and heat transfer model
shown in Figure 1. This study uses the following assumptions: i) solar radiation is stable and similar across
the entire PV panel surface, ii) the surface temperature is the same in all locations, and iii) the heat flow in
the system is considered steady, only allowed in one direction.
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Figure 1. PV panel using hybrid material heat sink for cooling
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2.1. Calculating the operating temperature

A part of the energy of sunlight absorbed by the PV panel will be converted into heat. This heat will
be transferred to the surrounding environment through surfaces. Applying Kirchhoff's law to the thermal
resistance diagram shown in Figure 2, the total heat flow transferred to the front (Q;) and back (Q:) surface
of the PV panel is equal the heat flow received by the PV panel (Qs4;4r), and expressed as (1):

Q1 + Q2 = Qsotar = Gsorar-A-(1 — M. apy (D

where A: Area of PV panel, m?; Gy g Solar radiation, W/m?; ap,: Adsorption coefficient of PV panel;
n: PV conversion efficiency, is determined by (2).

N ="nsrc[l — B-(Tey — Tsrc)] 2

where ng¢rc: PV conversion efficiency at STC; f: Temperature coefficient of PV panel at STC, %/K;
Tpy: Operating temperature of PV panel, K; Tsrq: STC temperature, Ter=298 K.

_ Tpy—Tq, _Tpy-Tq
QI - ZRf ’QZ - ZRb (3)

where Y, Ry: Total thermal resistance on the front side, K/W; 3 R, Total thermal resistance on the back side,
K/W; T,: Ambient temperature, K. From (1), (2), and (3), we obtain:

XRf+¥Rp _

Gsotar-A-[1 = Nsre. (1 = B. (Tpy — Tsre))]- apy — (Toy — Ta)'ZR,TRb =0 (4)

where Tpy is the solution of (4), to determine Tpy we need to calculate Y Ry and Y R,. X Ry and X R,
depends on Tpy.

Rcon, fins

Rcon‘f Qsolar

Q1 l Q2 Ta

Ta

RCu Rbasc of heat sink

Rcon, base

Rrad , base

Figure 2. Diagram of thermal resistance

2.2. Determine the total thermal resistance on the front side
> Ry is determined by (5):

ZR — Rcon,f-Rrad,f (5)
Rcon,f+Rrad,f

where R;op r: Thermal resistance convection on the front surface, K/W; R,.q4 ¢: Thermal resistance radiation
on the front surface, K/W.
R;qq,5 is determined by (6) [36]:

-~ = epy. 0. (Thy + Tg). (Tpy + Ty) (6)

R =—
rad,f hraa A
where h,.qq4 ¢: Radiation heat transfer coefficient on the front surface, W/m?.K; epy: Emissivity coefficient of

the front surface of PV panel; o: Stefan-Boltzmann constant, 6=5.67x1078 W/m? K*.
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R on,r is determined by (7) [36], [37]:

1 1

ReonfA  3[.3 3
con.f \/hcon,f,f+ hcon,f,n'A

Rcon,f = @)

where h,p r: Convection heat transfer coefficient on the front surface, W/m?K; heonfro Neonfm- Heat
transfer coefficient of forced and natural convection on the front surface, K/W.
hcon,f,r is determined according to (8) [38]:

5.74V°8L792(fully turbulent flow)
Reonf,p =3 5.74V8L702 — 16.46L7' (mixed flows) (8)
3.83V 05 L% (laminar flow)

where V: Wind speed, m/s; L: PV panel length, m.
hcon,fn 18 determined according to (9) [36]:

Nugnkair

hcon,f,n = ) )

where kg;,-: Air thermal conductivity (W/m.K); Nuy ,,: Nusselt number of the font surface, and it is determined
by (10) [39]:

1 1 1
0.13 [(GrPr)s — (GT.Pr)3| + 0.56(GrPrsind)i  iff > 30°

NUf'n = 1 (10)
0.13Ras ifd < 30°
where Gr: Grashof number; Pr: Prandtl number; G7,: Critical Grashof number is determined by (11):
Gr, = 1.327 x 10'%xp [~3.708( — ) (11)

where Ra: Rayleigh number, it is determined by (12) for both the front and back surfaces of the PV panel.

Tavg—Ta)L3
Ra = 9(Tavg—Ta) (12)
(0.25Tgyg+0.75Tg)va

where Ty, : Average temperature of PV panel and environment, K; g: Gravity acceleration, g=9.81 m*/s;
v: Air kinematic viscosity, m?/s; a: Air thermal diffusivity, m?/s.

2.3. Determine the total thermal resistance on the back side

Rpase-Rfins

R, =R + Rey + Rpps +
Z b TIM Cu bhs Rpase*R fins

(13)

where Ry : Thermal resistance of thermal interface material (TIM), K/W; R, : Thermal resistance of copper
layer, K/W; Rp;s: Thermal resistance of heat sink base, K/W; Rpqs.: Convection and radiation thermal
resistance of the base of fin, K/W; R¢;ns: Convection and radiation thermal resistance of fins, K/W;

Stim R Scu __ Sbhs (14)

cu = 5 Rprs =
krim-Arim’ kcwAcu’ Kbhs-Abhs

Rry =

where Sri, Ocus Opns: Thickness of TIM, copper layer, heat sink base, m; kg, ke Kpps: Thermal
conductivity of TIM, copper, heat sink base, W/m.K; A7y, Acy, Apns: Area of TIM, copper layer, heat sink
base, m?.

_ Rrad,base-Rcon,base (15)

R =
base
RradbasetRcon,base
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where R,qqpase: Thermal resistance radiation of the base of fin, K/'W, Ry pase: Thermal resistance
convection (forced and natural) of the base of fin, K/W.

1

(16)

Rrad,base = a
rad,base-“ibase

where /1,q405e: Radiation heat transfer coefficient of the base of fin, W/m?.K; Apuse: Area of the base of fin, m?.
Abase = (L Xth) - (NXLXSfin) (17)

where W),s: Width of heat sink, m; N: Number of fins; 8f;,: Fin thickness, m.
hrad pase 18 determined by (18) [17], [37]:

hrad,base = Sbasea(szase + T(J?)(Tbase +T,)(1 - 2Fbase—fin) ~ 4gbaseo_Ta3(1 - 2Fbase—fin) (18)

where &p,4,.: Emissivity of the base material; Fpg5e—fin: View factor of the base and fin of heat sink, and it is
determined according to (19):

1
(W tan™! % + Htan™! % — (H*+W?%)ztan™?!

. 1 e (19)
base—fin — v _|_ll (14W2)(1+H2) ( W2(1+W2+H?) )Wz ( H2(1+W?2+H?) )1-12
2 Trweenr \wwnweens)  \@erdwren?)

where W = a’;m s H = % with ag;,: Fin spacing, m; H;,: Fin height, m.

1

Rcon base = (20)
! hcon,b-Abase

where /., »: Convection heat transfer coefficient of heat sink, W/m?.K.
Convection heat transfer coefficient is combined natural and forced convection, is determined
according to (21) [37]:

3
hcon,b = \[hgon,b,n + hgon,b,f (21)

where, hicon p s Forced convection heat transfer coefficient of heat sink, is determined by (10). Z¢op p ,,: Natural
convection heat transfer coefficient of heat sink, is determined according to (22) [17]:

0.02772XNup n
hcon,b,n - L (22)

Nuy, ,, of the back surface of PV panel, is determined as (23) [39]:

1
_ )0.58(Ra.sinf)zifo > 2°

Nub'n 1
0.58Rasife < 2°

(23)

R ins-R i
Rfins — rad,fins-con,fins (24)

Rrad,fins+Rcon,fins

where Ryqq fins: Thermal resistance radiation of fin, K/W; Rcop rins: Thermal resistance convection (forced
and natural) of fin, K/W.

1

Rrad,fins = hrad,finsN-Afin (25)
where /1,44 £ins: Radiation heat transfer coefficient of fin, W/m>.K; A;,: Area of a fin, m?,
Sfin
Apin = 2L X (Hﬁn +2L ) (26)
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hyaa,fin 1 determined according to the (27) [17], [37]:
hyaa,fin = Sfin‘T(szin + TE) Tfin + T) (L = Frin—fin — Frin-pase) = 4€rin0Ta (1 = Frin_fin — Frin-pase)  (27)

where &;,: Emissivity of the fin material; Fyi,_pqse: View factor of the fin and base of heat sink, is determined
by (28):

1
{W' tan™! wi + H'tan™?* Hi —(H* +W?)ztan™!

F L e (28)
fin-base =y +ll A+w)(1+H™?) ( W2(1+W2+H?) )WVZ (H’2(1+W’2+H’2) )HZ
2T wzer 1+W2)(W'2+H?) "\A+HYHW'2+H?)
H . .
where W'= %; H'= a’;i
Frin_fin: View factor of the fin and fin of heat sink, is determined by (29):
1
2 2\15 1
I |LEXCT) )]2 +X(1 + Y?)2 tan~t —5—
2 1+X2+Y (1+v2)7 .
Frin—fin = — . , (29
+Y(1+ X?)2tan™? ;—Xtan 'X —Ytan™lY
k (1+X2)2 }
H ..
where X = L ; 1= i
Afin Aafin
R =— (30)
confin heon,b-NNfinAfin
where 1¢,,: Fin effeiciency, and it is determined according to (31) [37]:
tanhm(L+6f%)
Nfin = 5fin (31)
m(L+T)
2hcon,b

with m is constant, m =
kfinbfin

PV panel does not add heat sink, the total thermal resistance on the back side is determined as (32):

RCOTL 'RTll
TR, = pronbiedh (32)

Rcon,b*+Rrad,b

where R, »: Thermal resistance convection of back side, K/W; R,4q ;: Thermal resistance radiation of back
side, K/W.

Thermal resistance radiation of back side is determined as (6). Thermal resistance convection of
back side is determined by (33) [36], [37]:

1
Rcon,b =3 3 3
A hcon,b,f+hcon,b,n-A

where hconp f ficonpn: Forced and natural convection heat transfer coefficient of back surface of PV panel
and surrounding environment, K/W. A, j, ¢ is determined as (8), A¢on b is determined as (22).

(33)

3. PARAMETERS AND CALCULATION DATA

Table 2 shows basic parameters of PV panel and heat sink. TIM is used to connect heat sink to PV
panel, and it has thickness &7, = 1 mm, thermal conductivity ki, = 1.5 W/m.K. The environmental
conditions used for calculation are the ambient temperature at certain times on 27 April 2024 in Hanoi
(the hottest day of 2024 in Hanoi), as shown in Table 3. The calculations use data from the Vietnam
Meteorological and Hydrological Administration, Ministry of Agriculture and Rural Development, Vietnam.
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Table 2. Parameters of PV panel and heat sink

No. Parameters Value No. Parameters Value
I PV panel I Heat sink

I.1 Maximum power, Ppax S50 W 1.1 Material (fin and base) Aluminum, Copper

1.2 Cell type Monocrystalline 11.2 Dimensions (LxW) 710x540 mm

1.3 No. of cell 18 1.3 Fin height, Hg, 15 mm

1.4 Dimensions (LxWxH) 710x540x30 mm 11.4 Fin thickness, &g, 1.5 mm

L5 Efficiency, n 16.8% IL.5 Fin spacing, ag, 4.5 mm

1.6 Temperature coefficients of Py, B -0.38%/K 1.6 Base thickness (copper and aluminum layers) 3 mm

1.7 Emissivity, epy 0.91 1.7 Number of fins 90

1.8 Adsorption, opy 0.96 1.8 Aluminum thermal conductivity 205 W/m.K
11.9 Copper thermal conductivity 380 W/m.K
1.10 Emissivity of aluminum 0.05

Table 3. Ambient temperature on 27 April 2024 in Hanoi (Unit: °C)

No. Time Temperature
1 07h00 28
2 09h00 31
3 11h00 35
4 13h00 38
5 15h00 40
6 17h00 37

4. RESULTS AND DISCUSSION

We calculated the operating temperature of PV panel with the parameters and environmental
conditions in section 3 with the following cases:
Case 1: PV panel without cooling
Case 2: PV panel is cooled by aluminum heat sink (thickness of aluminum base: 3 mm)
Case 3: PV panel is cooled by heat sink, with base consisting of 2 layers (copper: 1 mm and aluminum: 2 mm).
Case 4: PV panel is cooled by heat sink, with base consisting of 2 layers (copper: 2 mm and aluminum: 1 mm).

4.1. Operating temperature at solar radiation levels

The operating temperature was calculated with wind speed of v=2 m/s, tilt angle 6=15°, and solar
radiation of 600, 800, and 1000 W/m?. The results are shown in Figure 3. The operating temperature of PV
panel cooled by heat sink is lower than PV panel without cooling. At solar radiation of 600 W/m?, the
average operating temperature for Case 1 is 329.2 K; for Case 2 is 324.2 K, reduced by 5 K; for Case 3 is
323.6 K, reduced by 5.6 K; and for Case 4 is 323.0 K, reduced by 6.2 K in Figure 3(a). At solar radiation of
800 W/m?, the average operating temperature for Cases 2, 3, and 4 are 336.5, 329.7, 329.1, and 328.5 K,
respectively, reduced by 6.8, 7.4, and 8 K compared to without cooling in Figure 3(b). At solar radiation of
1000 W/m?, the average operating temperature for Cases 2, 3, and 4 are 335.2, 334.6, and 334.0 K,
respectively, reduced by 8.7, 9.3, and 9.9 K compared to Case 1 in Figure 3(c). This result is quite similar to
the simulation results in research [40].

Figure 4 shows the efficiency of PV panel at solar radiation levels with and without cooling.
PV panel without cooling (Case 1), the efficiency is 14.8% (at 600 W/m?), 14.3% (at 800 W/m?), and
13.9% (at 1000 W/m?). In Case 2, the efficiency is 15.1% (at 600 W/m?), 14.8% (at 800 W/m?), and 14.4%
(at 1000 W/m?). In Case 3, the efficiency is 15.2% (at 600 W/m?), 14.9% (at 800 W/m?), and 14.5%
(at 1000 W/m?). All levels of solar radiation, the efficiency for Case 4 is 0.1 higher than Case 3.

4.2. Operating temperature at different wind speeds

The operating temperature was measured with solar radiation of 800 W/m?, tilt angle 6=15°, and
wind speeds of 0, 1, 2, 3, 4, and 5 m/s. The result is presented in Figure 5. When wind speed increases, the
heat transfer coefficient between PV panel, heat sink, and the environment also increases, resulting in better
cooling for PV panel. At wind speed of 0 m/s, the operating temperature decreased by 22 K (Case 2), 22.6 K
(Case 3), and 23.2 K (Case 4) compared to Case 1 in Figure 5(a). At wind speed of 1 m/s, the operating
temperature decreased by 13.6 K (Case 2), 14.2 K (Case 3), and 14.8 K (Case 4) compared to Case 1 in
Figure 5(b). At wind speed of 2 m/s, the operating temperature decreased by 6.8 K (Case 2), 7.4 K (Case 3),
and 8 K (Case 4) compared to Case 1 in Figure 5(c). At wind speed of 3 m/s, the operating temperature
reduced by 4.3 K (Case 2), 4.9 K (Case 3) and 5.5 K (Case 4) compared to Case 1 in Figure 5(d). At wind
speed of 4 m/s, the operating temperature decreased by 3 K (Case 2), 3.6 K (Case 3) and 4.2 K (Case 4)
compared to Case 1 in Figure 5(e). At wind speed of 5 m/s, the operating temperature decreased by 2.3 K
(Case 2), 2.9 K (Case 3) and 3.5 K (Case 4) compared to Case 1 in Figure 5(f). Calculation results confirm
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that as the wind speed increases, the operating temperature of the PV panel decreases. However, with high
wind speed, the cooling efficiency of the heat sink is not much higher than without cooling.

Figure 6 presents the efficiency of PV panel at different wind speeds with and without cooling by heat
sink. At wind speeds of 0, 1, 2 m/s, the efficiency of PV panel with cooling (Cases 2, 3, 4) increases
significantly compared to without cooling (Case 1). However, at wind speeds of 3, 4, 5 m/s, the efficiency of PV
panel with and without cooling is not much different, because the operating temperature is not too different.

4.3. Operating temperature at different tilt angles

We calculate the operating temperature with solar radiation of 800 W/m?2, wind speed of 2 m/s, tilt
angles of PV panel of 0°, 15°, 30° and 45°. The results are shown in Figures 7(a), 7(b), 7(c), and 7(d). The
results show that the PV tilt angle has little effect on its operating temperature in both with and without
cooling. At different tilt angles, the operating temperature decreases by about 6.8 K (Case 2), 7.4 K (Case 3),
8.2 K (Case 4) compared to without cooling (Case 1). Figure 8 presents the PV efficiency at different tilt
angles with and without cooling by heat sink. The results show that the PV conversion efficiency at different
tilt angles has very small differences, which is similar to the operating temperature.
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Figure 7. Operating temperature at different tilt angles: (a) 8=0°; (b) 6 =15°; (c) 6=30°; and (d) 6=45°

16.5

16

£ 155
=
7]

.5 15
=

= 145
w

14

13.5

13

Manufacturer 0 15 30 45

Inclined angle,

mManufacturer mCase1 mCase2 mCase3 mCased

Figure 8. PV efficiency at different tilt angles

5. CONCLUSION

The heat sink is a device that helps cool and manage heat for PV panels. Heat sink is added to the
back of the PV panel; it increases the ability of convective heat transfer to the environment due to increasing
the surface area in contact with the surrounding environment. Heat sink with a base consisting of copper and
aluminum layers cool better than aluminum heat sink because the thermal conductivity of copper is better than
aluminum. Calculations show that, the PV panel is installed with heat sink, its base has additional copper layer
with thickness of 1, 2 mm, the operating temperature of the PV panel is reduced by an average of 0.6 K and
1.2 K compared to the aluminum base. Accordingly, the conversion efficiency of photovoltaic panel increased by 0.1%
and 0.2%. In the next study, we will conduct experiments to evaluate the cooling and economic efficiency of
the solution in real conditions, and to investigate optimization of heat sink parameters.
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