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A—area (m?);

Cp—specific heat (J/(kgeK));
D—diameter (m);

d—derivative;
f—function;
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Abstract

In this paper, a novel photovoltaic/thermal system using micro-channel flat loop heat pipe (PV/T-MCFLHP)
is proposed, and the thermal and electrical performance of the system is investigated theoretically and
experimentally. The variations of temperatures were analysed, and the efficiency of the system was calculated
under different conditions, i.e. simulated solar radiation, water flow rate and refrigerant filling ratio. The
maximum overall efficiency of the system was found to be 51.3%, the thermal efficiency 43.8% and the
electrical efficiency 7.5% with the refrigerant filling ratio of 25%, simulated solar radiation of 800 W/m?
and water flow rate of 400 L/h. Test results were compared with simulation results, and the recorded average
error was 10.2%.
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1 SYMBOLS DESCRIPTION

P pump —power consumption by water pump (W);
Pr—Prandtl number;

Q—energy (W);

R—thermal resistance ((m?eK)/W);

R | —thermal resistance of the evaporator wall ((m?K)/W);

R ;—thermal resistance due to the evaporation of the working
fluid ((m?eK)/W);

g—gravity acceleration (m*/s);
H—latent heat (J/kg);

h—heat transfer coefficient (W/(m?«K));

I—radiation (W/m?);
L—length (m);

m—mass flow rate (kg/s);
M—mass (kg);
Nu—Nusselt number;
P—pressure (Pa);
P,—power (W);
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R 3—thermal resistance of the vapour flow ((m?«K)/W);

R 4—thermal resistance due to the condensation of the working
fluid ((m?«K)/W);

R 5—thermal resistance of the condenser wall ((m?eK)/W);

R g—thermal resistance due to the convection heat transfer of
the cooling liquid ((m*«K)/W);

R y—vapour constant (kJ/(kgeK));

Re—Reynolds number;

t—temperature (K);

V —volumetric flow rate (L/h);
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w—width (m);

W, —uncertainty of efficiency (%);

W M —uncertainty of refrigerant mass (kg);
Wy —uncertainty of water flow rate (L/h);
Wr—uncertainty of simulated radiation (W/m?)
x—parameter relating to the filled liquid mass.
X0—initial refrigerant steam dryness;
XN—refrigerant steam dryness;

z—input parameters value;

o—differential function;

a—absorption ratio;

B—packing factor;

n—efhiciency;

8—thickness (m);

A—thermal conductivity (W/(meK));
p—density (kg/m’);

py—dynamic viscosity (kg/(mes));

y —specific heat ratio;

o —surface tension coeflicient of refrigerant liquid (N/m);
0 —contact angle of the working fluid with the pipe wall;

2 SUBSCRIPTS DESCRIPTION

a—all;

air—ambient air;
BL—boiling limit;
bu—boiling bubble;
CL—capillary limit;
c—condenser;
cap—capillary;

cf—cooling fluid;
EL—entrainment limit;
ev—evaporator;
e—electricity;

FL—liquid filling mass limit;
f—silicone layer;
gr—groove;

hp—heat pipe;
i—dependent number;
in—inlet;

j—input number;
I—refrigerant liquid;
If—liquid film;
MCFLHP—micro-channel flat loop heat pipe;
max—maximum value;
out—outlet;

PV—PV panel;
PV/T—photovoltaic/thermal;
rc—reference;

SL—sonic limit;
VL—viscous limit;
u—useful heat;
v—refrigerant vapour;
vtl—vapour collecting pipe;
wall—wall
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1. INTRODUCTION

Due to global population growth and improving human com-
fort requirements, the global energy consumption has increased
rapidly [1,2]. Many advanced energy-efficient technologies, capa-
ble of harvesting different clean energy sources, e.g. solar and
wind energy [3,4], have been proposed. Among all the renewable
sources, solar has been recognized as the most effective and
abundant [5,6] to be used as energy source. In particular, solar
energy technologies employing photovoltaic and solar thermal are
the most promising ones due to clean and efficient production of
electricity and heat [7,8].

According to the previous research in the solar energy field,
solar energy technologies can be mainly divided into three cat-
egories: air type, water type and heat-pipe type [9]. Air-type solar
energy systems use air as the heat transfer medium to absorb,
convert and exchange heat [10]. Nagano et al. [10] introduced
thermal-photovoltaic hybrid exterior wallboards using air cir-
culation to transfer heat, maximizing the average thermal col-
lector efficiency by up to 36.9%. The roof-integrated air-based
solar energy system, which could provide domestic hot water and
drying functions, was investigated by Chen et al. [11] where the
thermal efficiency of the system reached 20%. In the case of the
water type, higher efficiency values can be achieved due to the
higher thermal and physical properties of the working liquid com-
pared to air [9]. Chow et al. [12] analysed the performance of a
building-integrated photovoltaic-enhanced water-heating system
and found that the thermal and electrical efficiencies of the system
were at 37.5% and 9.4%, respectively. A building heating system
combined with the water-type PV/T collector was examined by
Kim et al. [13] yielding a thermal efficiency of 30%.

However, there are some existing problems associated with the
air-type and water-type solar energy systems, e.g. low heat transfer
efficiency of the air/water and freezing problems of the water-
type system. In order to tackle these issues, heat-pipe solar energy
systems are proposed, which due to high thermal conductivity of
the heat pipes are particularly suitable for use in the solar energy
systems [14]. A thermosyphon-type heat pipe-based PV/T system
was developed by Moradgholi et al. [15], which had a thermal
efficiency of 45.1%. Long et al. [16] conducted experiments on
a building integrated heat pipe photovoltaic/thermal system and
reported that the annual water heating efficiency could reach 35%
and achieved 315 kWh/year per unit facade surface area of elec-
tricity saving. Another photovoltaic loop heat pipe/solar-assisted
heat pump water heating system was proposed by Li and Sun
[17], and the system performance was analysed to quantify energy
savings. Electricity consumption and CO; emission reductions of
79.4% and 73.9% were achieved by the investigated system.

The conventional heat pipes used in solar energy technologies
had the disadvantages of not completely contacting with the flat
solar collector structure, as well as the long heat transfer distance
from the heat pipe condenser to the domestic hot water tank,
leading to low thermal and electrical efficiencies [18]. To over-
come these shortcomings, Yang et al. [19] suggested that heat pipe
weight should be reduced with lightweight materials. Deng et al.

120z Areniged ¢z uo isenb Aq G8zZ828S/€ L.G//G |L/a1oIE/0|(l/Wwod dno-olwapese//:sdiy wolj papeojumo(



[20] proposed that conventional heat pipes had a long start-up
time and reduced the thermal performance of the heat pipe for
use in the solar energy system. Hou et al. [21] presented that con-
ventional heat pipes did not contact with the PV panel properly.
Chen et al. [22] also studied the performance of a sintering porous
capillary wick into a micro-plate loop heat pipe that can improve
heat transfer efficiency.

Based on the presented literature review, some parameters
were considered as the most important variables influencing the
performance of the solar energy systems, e.g. cooling fluid flow
rate, solar radiation, cooling fluid temperature, wind speed and
working fluid parameters. Nagano et al. [10] investigated different
parameters and found that air (as the cooling fluid) flow rate,
solar radiation and panel inclination and air temperature were
the most important parameters of the solar energy systems. Chen
et al. [11] also found that the climate conditions (including solar
radiation and wind speed) played important roles in determin-
ing the thermal efficiency of the solar energy system. Jouhara
et al. [14] considered material compatibility and working fluid
temperature as the experimental parameters and proposed that
the working fluid filling ratio would affect the heat transfer pro-
cess. Therefore, three parameters (i.e. simulated radiation, cooling
fluid flow rate and working fluid filling ratio) were studied in
this paper.

(PV/T-MCFLHP)

In this paper, the performance of the photovoltaic/thermal
system with a micro-channel flat loop heat pipe (MCFLHP) has
been investigated. The system design involves a micro-channel
flat heat pipe array as the evaporator and a U-type tubular heat
exchanger as the condenser. In comparison with other similar
studies, the key contribution aspects of the proposed system are
as follows. (1) A micro-channel flat heat pipe array as the evapo-
rator can reach higher vapour speeds within the micro-channels
owing to the interior micro-grooves. The flat evaporator can also
perfectly contact with the solar photovoltaic/thermal panel, which
increases the contact area with the heat generation devices. (2)
A U-type heat exchanger as the condenser can provide sufficient
condensing contact area for heat transfer, leading to higher heat
exchange efficiency. (3) Long heat transfer distance due to the
loop structure is found to be applicable to the system design
as it can operate with small pressure difference or temperature
change. Through numerical modelling and experimental investi-
gation, PV/T-MCFLHP system performance was tested through
analysing the temperatures of PV surface and MCFLHP and
calculating the electrical and thermal efficiencies of the system
under different operating conditions of simulated solar radiation,
water flow rate and refrigerant filling ratio. The results from the
theoretical and experimental analyses were compared to predict
the performance of the proposed system. This research will pro-
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Figure 2. Cross section of the micro-channels of the evaporator of the MCFLHP.

vide helpful insight into potential development of advanced solar
energy systems and provides the technological basis to be used
in the building sector to reduce energy consumption and carbon
emission, which will also be helpful for achieving the global
energy saving targets.

2. SYSTEM DESCRIPTION

As seen in Figure 1, the PV/T-MCFLHP system consisted of
PV panels, MCFLHP, water pipe work, water tank, water pump
and a battery. The main component of the proposed system,
i.e. MCFLHP, consists of an evaporator, vapour collecting pipe,
condenser and liquid collecting pipe. The flat-plate evaporator of
the MCFLHP was embedded between the PV panels and insu-
lation layer, which contained independent micro-channels with
a diameter of 2 mm to enhance the heat transfer (as shown in
Figure 2). The vapour collecting and liquid collecting pipes were
positioned above and below the evaporator to facilitate the flow
of the working fluid inside the heat pipe. It should be mentioned
that the working fluid inside the MCFLHP could be water or
refrigerant (e.g. R134A) due to the high latent heat capacity of
the working fluid. The condenser of the MCFLHP was directly
connected to the U-type water pipe to enhance the heat transfer,
and both were surrounded with the thermal conductive material
and insulation. The water pipe was fitted with the flow meter,
water tank and pump to record the water flow. The battery pack
was wired to the PV panel to record the electricity generation.

The working principle of the PV/T-MCFLHP system could be
summarized as follows: when the PV panel absorbs sunlight, the
electricity is generated, and the excess heat from the PV panel
will be transferred to the evaporator of the MCFLHP. Inside the
evaporator of MCFLHP, the working fluid evaporates, and the
vapour flows from the evaporator to the condenser through the
vapour collecting pipe. Inside the condenser of the MCFLHP, the
vapour is condensed, and the heat is released from the condenser
to the water pipe to be accumulated in the water tank. As to
the condensed vapour, it flows back from the condenser to the
evaporator through the liquid-collecting pipe.

The key characteristics of the PV/T-MCFLHP system could
be summarized as follows. (1) The micro-channel structure of
the evaporator of the MCFLHP could enhance the heat transfer
inside the heat pipe due to the high contact angle of the work-
ing fluid with the pipe wall, leading to improved solar-thermal
conversion efficiency of the system. (2) The flat-plate structure of
the evaporator of the MCFLHP improves the connection between
the PV panel and the heat pipe evaporator, leading to reduced
contact thermal resistance. (3) The loop heat pipe structure of
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the MCFLHP could separate the evaporator and condenser and
therefore reduce the entrainment limit between the liquid and
vapour flow inside the pipe, leading to increased heat transfer
capacity and flexible installation of the system.

3. STEADY-STATE HEAT TRANSFER MODEL
DEVELOPMENT FOR THE PV/T-MCFLHP
SYSTEM

The steady-state heat transfer model for the PV/T-MCFLHP sys-
tem is developed for the prediction of the system’s performance
under different structure and operating conditions.

3.1. Heat transfer limit of the MCFLHP

The heat transfer limit determining the maximum heat transfer
capacity of the MCFLHP should be calculated before the devel-
opment of the steady-state heat transfer model. The heat transfer
limit of the MCFLHP was governed by six different limits, i.e.
viscous, sonic, entrainment, capillary, boiling and liquid filling
mass limits, which were directly related to the structure and
operating conditions of the MCFLHP, as well as the thermal
properties of the working fluids flowing inside the MCFLHP.
Therefore,

Qiimit = min (Qvr, Qsr, QeL, Qcr, QBL, QFL) (1

3.1.1. Viscous limit, Qv

When the MCFLHP is operated at low temperature, the viscous
forces in different components of the MCFLHP may be too small
to drive vapour flow. Therefore, the viscous limit of the MCFLHP
was the minimum of the viscous limits that occurred in the
evaporator, vapour collecting pipe and condenser [23]. Taking the
viscous limit in evaporator Qyr ey for example,

7 Dey*Hpy Py
= LT Iy 2
QvLev 25670 Lo (2)

For the viscous limit within the vapour collecting pipe (Qvr,v11)
and the condenser (Qvr,¢), the same equation can be used from
Equation (2) by substituting the evaporator’s parameters (e.g.
diameter, length) with the equivalent inner diameter and length
of the vapour collecting pipe and condenser. Thus, the smallest
viscous limit values among the evaporator, vapour collecting pipe
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and condenser will be the viscous limit of the system (QVL) and
determined by

Qv = min (QvL,ev> QvLvtl> QvLc) (3)

3.1.2. Sonic limit, Qst.

When the MCFLHP is operated at high temperature, the vapour
velocity in different components of the MCFLHP may be close to
the sonic or supersonic level. High-speed vapour flow would limit
heat transfer capacity. Therefore, the sonic limit of the MCFLHP
was the minimum of the sonic limits that occurred in the evapo-
rator, vapour collecting pipe and condenser [24]. Taking the sonic
limit in evaporator Qg ey for example,

7 Dev*Hp
QSL,ev - ( ad V) |:

(4)

J/VRVtV 05
4

2(w+ 1D

For the sonic limit within the vapour collecting pipe (Qsr,vt1)
and the condenser (Qsr), the same equation can be used from
Equation (4) by substituting the evaporator’s parameters (e.g.
diameter) with the equivalent inner diameter of the vapour col-
lecting pipe and condenser. Thus, the smallest sonic limit values
among the evaporator, vapour collecting pipe and condenser will
be the sonic limit (Qgy,) of the system and determined by

Qs = min (QsLev» QsLyil> QsLic) (5)

3.1.3. Entrainment limit, Qgr,

In the evaporator and condenser of the MCFLHP, when the
vapour velocity was too high, the liquid would entrain into the
vapour. The entrainment limit will increase fluid circulation and
reduce heat transport capacity. Therefore, the entrainment limit
of the MCFLHP was the minimum of the entrainment limits
that occurred in the evaporator and condenser [24]. Taking the
entrainment limit in evaporator Qg ey for example,

Dev4H . 0.5
QEL,ev - (n—) |::O 7 i| (6)

4 2Wgr

For the entrainment limit within the condenser (Qgr), the
same equation can be used from Equation (6) by substituting
the evaporator’s parameters (e.g. diameter) with the equivalent
inner diameter of the condenser. Thus, the smaller entrainment
limit values between the evaporator and the condenser will be the
entrainment limit (Qgy,) of the system and determined by

QgL = min (QeLev> QeLc) (7)

3.1.4. Capillary limit, Qct,

The capillary limit occurred when the capillary forces were not
large enough to drive liquid circulation reflux. During operation,
the capillary forces must be greater than or at least equal to total

(PV/T-MCFLHP)

pressure drops along the MCFLHP. The maximum heat transfer
capacity due to capillary limit can be written as [25]

o1piLey  An 2 pigly, cost
QcL = =< p-(——# (®)

Ter o]

3.1.5. Boiling limit, Qpr,

When the MCFLHP operated at high temperature, the boiling
limit in different components of the MCFLHP would cause a
burning out of the liquid at certain areas of heat pipe wall. There-
fore, the boiling limit of the MCFLHP was the minimum of the
boiling limits that occurred in the evaporator and condenser [24].
Taking the boiling limit in evaporator Qgy ey for example,

27T Leyt 2
QBL,ev = i . (

— — Peap, €)
HpyIn (th/Dev) Tbu r maX)

For the boiling limit within the condenser (QpL,), the same
equation can be used from Equation (9) by substituting the evapo-
rator’s parameters (e.g. diameter, length) with the equivalent inner
diameter and length of the condenser. Thus, the smaller boiling
limit values between the evaporator and condenser will be the
boiling limit (QBL) of the system and determined by

QgL = min (QBLev> QBLc) (10)

3.1.6. Liquid filling mass limit, QFr,

In order to make sure the MCFLHP working properly, a minimum
liquid level in different components of the MCFLHP was required
to be filled into. Liquid gravity force would affect the heat transfer
capacity significantly. Therefore, the liquid filling mass limit of the
MCFLHP was the minimum of the liquid filling mass limits that
occurred in the evaporator [24].

M\’ agH
QrL = PO —
XLey) 372101 Dey

3.2. Heat transfer analysis

The heat transfer and energy conversion analyses of the proposed
system could be summarized as three processes: (1) solar absorp-
tion process; (2) heat transfer in the MCFLHP process; and (3)
heat transfer in the water pipe process. It should be mentioned
that in the steady state situation, these processes stayed thermally
balanced.

11)

3.2.1. Solar absorption process
The solar energy absorbed by the PV panel could be written as
[26,27]

Qa = apvBpvAI (12)
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Part of the absorbed energy will be converted to electricity
(28, 29]:

Qe = neAl (13)

It is known that the electrical efficiency of the PV panel

decreases with the increase in the PV panel’s working temperature
[28, 29], and this dependence is

Ne = Nrc [1 — Bpv (tpv — tro)] (14)

Part of the heat losses from the PV panel to the ambient will be
determined by

M
Qloss = (tPV - tair) 0-664La1r Reairl/zPr1/3A (15)
air

PV

Therefore, the remaining part will be transferred to the
MCFLHP.

th = Qa — Qe — Quoss (16)

3.2.2. Heat transfer in the MCELHP process

This part of useful heat will be transferred from the evaporator of
the MCFLHP to the condenser due to the temperature difference
in between [30, 31].

Ihp — ¢
hp of (17)

6
> R, represents the thermal resistances from the evaporator of

i=1
the MCFLHP to the cooling fluid (e.g. water) in the water pipe,
which were described as follows [32]:

(1) Thermal resistance of the evaporator wall, Ry

R = Ohp, (18)
Ahp
(2) Thermal resistance due to the evaporation of the working

ﬂuid, R2
In this process, the working fluid inside the evaporator of the

MCFLHP experienced a phase change from liquid to vapour.

According to the thermal conductivity of the working fluid lat-

eral membrane, this part of thermal resistance can be written

as [24]

(19)
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hey is the evaporation heat transfer coefficient [24],

h — 0.1060 (L) (ﬂ)O.lZS(thmv)0.187(cp'u1)0.l4
ev — Y.
Dnp /) \ v 23 Al
(20)
(3) Thermal resistance of the vapour flow, R3

Vapour flow thermal resistance occurs in the vapour collecting
pipe and is expressed as

L 12iLM2Vtv2 a1)

D% py“H

(4) Thermal resistance due to the condensation of the working
fluid, R4

It should be mentioned that due to the direct contact of the high
temperature vapour with the cold condenser wall, liquid film will
be generated and attached to the inner surface of the condenser
wall and form the process of the membrane condensation. In this
process, the thermal resistance due to the condensation of the
working fluid could be summarized as [33, 34]

1

Ry= — (22)
i
hys is the condensation heat transfer coefficient,
2,43 i
M H
Iy = 1.13(—’01 841 ) (23)
mDe (ty — tc)
(5) Thermal resistance of the condenser wall, Rs
8
Rs = wall (24)
)‘wall

(6) Thermal resistance due to the convection heat transfer of
the cooling liquid, R

The thermal energy will be released to the water pipe and
eventually removed by the cooling liquid in the water pipe due
to the convection heat transfer.

D,
Re = — (25)
Nulfs
where Nu is the Nusselt number of the cooling fluid,
Nu = 0.332Rect? Pr3 (26)
C

Re is the Reynolds number of cooling fluid, and Pr is the Prandtl
number of cooling fluid.

D,
Rey = PcfMecf Def 27)
Mt
C
Pry = LIPS (28)
Acf
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Figure 3. Flow chart for the computational simulation of the steady-state heat transfer model.

3.2.3. Heat transfer in the water pipe process
In this process, the thermal energy removed by the cooling fluid
in the water pipe, Qcf, could be written as

Qcf = Cp,cfmcf (tout — tin) (29)

It should be noted that the useful heat transmitted to the
cooling fluid will also depend on the heat transfer limit of the
MCFLHP.If

Qu > Qlimit,  Qcf = Quimit (30)
If

Qu < Qlimits  Qcf = Qu (31)

According to the above calculation equations, thermal effi-
ciency of the proposed PV/T-MCFLHP system is

Qct
nh = — X 100%
Q

a

(32)

3.3. Computational simulation of the steady-state heat

transfer model

The flow chart for the computational simulation of the steady-
state heat transfer model of the PV/T-MCFLHP system was sum-
marized in Figure 3, and the steps are illustrated as follows:

(1) Input operating conditions, e.g. ambient temperature
and ambient wind speed; initial variable parameters, e.g.
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simulated solar radiation, cooling fluid flow rate; and system
structure, e.g. parameters of the PV panel and MCFLHP;

(2) Input refrigerant parameters, e.g. filling ratio and working
temperature, to obtain other thermal properties of refriger-
ant, e.g. density, dynamic viscosity;

(3) Calculate the heat transfer limit of MCFLHP (i.e. Qvy,
Qs1» QEL, Qcr, QBL, QrL) using Equations (2)-(11), and
determine the governing heat transfer limit Qjimit using
Equation (1);

(4) Determine the absorbed solar energy Q,, electrical energy
Qe, heat losses to the ambient Qj,ss and amount of heat
transferred to the MCFLHP Qy, using Equations (12)-(16);

(5) Determine the amount of heat transfer in the MCFLHP Q,
using Equations (17)-(28);

(6) Determine the heat transferred to the cooling fluid via
condenser Q. using Equation (29), and the parameters
of the condenser (e.g. outlet water temperature, length of
condenser) based on iterative method;

(7) Compare Q. and Qjimit, and determine the final results of
Qcf using Equations (30)-(31);

(8) Calculate the output results, e.g. thermal efficiency, using
Equation (32);

(9) Stop the programme.

4. EXPERIMENTAL WORK

In order to investigate the performance of the PV/T-MCFLHP
system and to verify the model results, the experimental rig was
constructed at the laboratory of Guangdong University of Tech-
nology, China as shown in Figure 4, following the original system
design in Section 3 using the constructed model. The PV panel
manufactured by Dongguan Wu Xing Company (China) had the
length, width and thickness of 1500, 760 and 5 mm, respectively.
The MCFLHP was custom-made and closely bonded to the back
of the PV panel (by using the thermal-conductive silicone grease)
to take the heat away from PV panel, which had the total contact
area of 1.14 m’. As to the evaporator of the MCFLHP, 33 micro-
channel heat pipes (760-mm length, 18-mm width and 2-mm
thickness) with the micro-grooves inside to improve heat transfer
were used as the evaporator of the system. The filling ratio of the
working fluid inside the MCFLHP was chosen at 25-35%. The
vapour collecting pipe and liquid collecting pipe were designed to
collect the vapour vaporized in each micro-channel heat pipe and
distribute the refrigerant liquid evenly to each micro-channel heat
pipe respectively, and both of them had the length of 1800 mm.
The condenser of the MCFLHP was the circular tube with 20-
mm diameter, and the condenser and water pipe (with 20 mm
diameter) together constituted the vertical-tube counter-current
heat exchanger. The PV panel and the MCFLHP were surrounded
and protected by the wood frame of 2100-mm length, 1050-mm
width and 105-mm thickness. Regarding the thermal storage,
the 70-L water tank was installed. The water pump was used to
drive water through the heat exchanger by overcoming the flow
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resistances. The battery was parallel connected to the PV panel
for the recording of the electricity generation. The parameters of
the main components of the system are shown in Table 1.

In terms of the testing equipment, a solar simulator (TRM-
PD1) (shown in Figure 4b) was used to provide the simulated
solar radiation, which has 12 sunlamps and a control cabinet that
can adjust the simulated solar radiation arriving at the surface of
the PV panel. The PV performance from the battery storage was
measured by using a power sensor (i.e. PV panel data collector),
which can record the output electricity (voltage and current) of
the PV panel. When the amount of the simulated solar radiation
or PV surface temperature changes, it can detect and measure the
output electricity of the PV panel due to the change in the voltage
and current of the PV panel. The water flow rate in the water
pipe was controlled by the water pump and tested by the water
flow meter, and the PV panel data collector collected the amount
of electricity generation. The temperatures of the system compo-
nents, e.g. PV panel, MCFLHP, and water tank, were recorded by
the multi-channel temperature recorder with the thermocouples.
The parameters of the testing equipment are shown in Table 2.

It should be noted that in order to study the operation per-
formance of the PV/T-MCFLHP system, the total number of 31
temperatures measuring points, i.e. P1-P31, were used, and the
positions of the measuring points are shown in Figure 5. P1-
P10 was continuously set on the vapour collecting pipe to obtain
temperature variations. P11-P16 was located in the condenser of
the MCFLHP and recorded the liquid flow during the conden-
sation process at the condenser. It was worth mentioning that
P17-P19 was located in the No. 3 of the heat pipe, and P20-
P22 was located in the No. 33 of the heat pipe, representing the
most far and the most near evaporator heat pipe to the condenser,
respectively. These three temperature-measuring points on each
heat pipe measured the temperature variations in the top, centre
and bottom levels of the heat pipe respectively. P23-P31 was
arranged on the surface of the PV panel, measuring different
temperature and simulated radiation variations.

As to the working conditions of the PV/T-MCFLHP system,
three variable parameters to the system performance, i.e. simu-
lated radiation, water flow rate and refrigerant filling ratio, were
investigated and analysed. In this stage of research, the perfor-
mance of the system was studied, and the experiment work was
conducted under lab conditions. Therefore, the simulated radi-
ation supplied to the system changed from 600 to 800 W/m?,
the water flow rate varied from 300 to 500 L/h and the filling
ratio was chosen at 25% and 35% of the total volume inside the
MCFLHP representing the refrigerant mass at 1.0 and 1.1 kg,
respectively.

5. RESULTS AND DISCUSSIONS

In this section, the heat transfer analysis of the MCFLHP is
presented. The thermal efficiency values from simulations and
test results are compared and the electrical efficiency and total
efficiency of the proposed system are calculated.
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Figure 4. Testing rig of the PV/T-MCFLHP system.

5.1. Heat transfer analysis of the MCFLHP

The average temperature variation of the MCFLHP is shown in
Figures 6-11 under the steady-state conditions. From Figures 6
and 7, it is obvious that in the vapour collecting pipe (from P1
to P10), the temperature gradually increased to the highest (at

measuring point 4) and then decreased dramatically (from P11 to
P16). As to the evaporator part of the heat pipe, the superheated
vapour gathered at the top of the heat pipe and finally maintained
the temperature reaching the highest at P4, while in the condenser
(P11-P16), the transferred heat will be released to the water
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Table 1. Parameters of the system components.

Length (mm) Width (mm) Thickness (mm) Area (m?) Diameter (mm) Volume (L)
PV panel 1500 760 5 1.14 - -
MCFLHP 760 18 2 - - -
Wood frame 2100 1050 105 - - -
Vapour collecting pipe 1800 - - - 20 -
Liquid collecting pipe 1800 - - - 20 -
Water tank - - - R R 70
Table 2. Parameters of the testing equipment.
No. Item Model Parameters
1 Multi-channel temperature JK-8/16 AT4532 Sensor: nickel chromium-nickel silicon (type K);
recorder Size of the sensor: 1 cm™1 cm;

Temperature test range: —50~1000°C;

Measure accuracy: 0~ = (0.5% + 1);

Power supply: 220 V =+ 10%, 50 Hz + 2%;

Temperature signal input channel: 64
2 Solar simulator TRM-PD1 Total power supply: 56 kW;

Ambient temperature: 5~35°C;

Relative humidity: 75%;

Error: +6.5 W/m?
4 PV panel data collector MPPT Full cut-off voltage: 13~15 V;

Charging current limit: 10~30 A;

Balanced charging time: 1~10 h;
5 Battery Operational temperature: —40~ 4 70°C;

Charging pressure (at 25°C): 14.4~15.0 V
7 Water flow meter LEFS25 Measurement rage: 100-1000 L/h;

Accuracy level: 4;

Pressure level: 4.0 MPa;

Error: +10 L/h.
8 Water pump ORS25-10G Voltage: 220 V; power: 60 W; head: 10 m; DN: 25 mm.
9 Power sensor MPPT Solar power controller MPPT

flowing across, and the temperature decreased dramatically. From
the Figures 8-11, it can be seen that due to the heat absorption of
the evaporator of the MCFLHP, the temperature increase in each
pipe was almost the same indicating that different heat pipe evap-
orators evenly absorbed the simulated radiation. The temperature
in the top level of the heat pipes was higher than that in the bottom
level. The reason could be summarized in two aspects. First, the
driving forces from the superheated vapour and liquid gravitation
should overcome the flow resistance of the working fluid. Since
the evaporator of the heat pipe was vertically installed, the top-
level temperature was higher than the bottom-level temperature.
Second, the temperature in the bottom level of the evaporator was
also influenced from the condensed liquid flowing in the liquid
collecting pipe.

The testing tank’s water temperature increase is shown in
Table 3 for the operation period of 1 h. It was found that
the tank water temperature increased with the decrease in
the refrigerant filling ratio and simulated radiation. After the
experiments (shown in Table 3), the optimum water flow rate
of the system was 400 L/h when the system was tested under
the same refrigerant filling ratio of 25% and the same simulated
radiation of 700 W/m’; when maintaining the same filling
ratio of 25% and the same water flow rate of 400 L/h, the
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system’s thermal efficiency increased first and then decreased
with the variation of the simulated solar radiation from 600-
800 W/m?; and the most appropriate refrigerant filling ratio of
25% was determined when the testing was conducted under the
simulated solar radiation of 700 W/m* and water flow rate of
400 L/h.

5.2. Comparison of the system’s thermal efficiency

The comparison of the simulated and testing thermal efficiency of
the proposed system shows (in Table 3) that good agreement can
be achieved with the acceptable average error of 10.2%. As the
simulation revealed, three factors, i.e. simulated solar radiation,
water flow rate and refrigerant filling ratio, have significant impact
on the overall performance of the system. The average thermal
efficiency of 43.8% from experiments and 48.7% from simulations
were achieved with the refrigerant filling mass of 25%, simulated
radiation of 700 W/m’* and water flow rate of 400 L/h. The cause
of the difference between the simulation and testing results could
be identified from two aspects. From the simulation aspect, the
reason may lie in the assumptions made for the simplification of
the computational calculation; from the testing aspect, the reason
may lie in the errors due to the testing equipment or the testing
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Figure 6. Temperature variation of the MCFLHP under the refrigerant filling ratio of 25% condition (P1-P16)
conditions (e.g. wind). It was also found that by controlling other

two conditions, the thermal efficiency decreased with the increase
of the refrigerant filling mass. This is because the increase in the

refrigerant filling ratio would result in the increased dynamic vis-
cosity and decreased specific heat ratio and eventually decreased
thermal efficiency.
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Figure 8. Temperature variation of the MCFLHP under the refrigerant filling ratio of 25% condition (P17-P19 in the No. 3 heat pipe).
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Figure 9. Temperature variation of the MCFLHP under the refrigerant filling ratio of 35% condition (P17-P19 in the No. 3 heat pipe).

5.3. Analysis of the system’s electrical efficiency

The system’s electrical efficiency was calculated from Equation
(33) and is presented in Table 3. The power of electricity was cal-
culated by considering voltage and current, which were recorded
by Solar Power Controller MPPT. In comparing with the experi-
mental conditions, it was noted that when the refrigerant filling
ratio was 35%, the simulated radiation was 600 W/m’ and the
water flow rate of 400 L/h, the maximum average electrical effi-
ciency of 8.4% could be achieved. The system’s electrical efficiency
decreased with the increase in the simulated radiation owing to
the increase in the surface temperature of the PV panel, and the
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relationship between the average temperature of the PV panel and
the electrical performance of the system is shown in Figure 12.

P,
he=1 % 100%

a

(33)

5.4. Analysis of the system’s total efficiency

The daily average total efficiency of the proposed system is also
shown in Table 3. The total efficiency was also increased with the
decrease in the refrigerant filling ratio, and the maximum daily
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Figure 11. Temperature variation of the MCFLHP under the refrigerant filling ratio of 35% condition (P20-P22 in the No. 33 heat pipe).

Table 3. Results of simulation and experiment.

No. Refrigerant Simulated Water Inlet water  Outlet Tank water ~ Thermal Thermal Error  Electrical Total COP

filling ratio radiation flow rate tempera- water tem-  temperature  efficiency—  efficiency— (%) efficiency— efficiency—

(%) (W/m?) (L/h) ture perature increase— experiment  simulation experiment experiment

(°C) (°C) experiment (%) (%) (%) (%)
(°Q

1 25 700 300 21 24.8 3.8 38.9 43.4 10.3 7.4 46.3 3.88
2 25 700 400 21 25.3 4.3 43.8 48.7 10.0 7.5 51.3 4.23
3 25 700 500 21 25.2 4.2 42.8 48.7 12.1 7.5 50.3 4.16
4 25 600 400 21 24.3 33 39.7 45.6 12.9 8.3 48.0 3.51
5 25 800 400 21 25.5 4.5 40.0 42.6 6.2 7.0 47.0 4.44
6 35 700 300 21 24.3 3.3 34.0 36.9 7.8 7.1 41.1 3.50
7 35 700 400 21 25.0 4.0 40.8 43.5 6.2 7.8 48.6 4.08
8 35 700 500 21 24.7 3.7 37.9 41.0 7.6 7.6 45.5 3.85
9 35 600 400 21 24.2 3.2 38.6 42.0 8.2 8.4 47.0 3.46
10 35 800 400 21 25.2 4.2 37.4 40.4 7.4 7.1 44.5 4.26

average total efficiency of 51.3% could be achieved for the system
operated under the refrigerant filling ratio of 25%, simulated
radiation of 700 W/m?* and water flow rate of 400 L/h.

5.5. Analysis of the system’s coefficient of performance

The energy performance of the PV/T-MCFLHP system is
evaluated by the coefficient of performance (COP). For the
photovoltaic/thermal system, the electricity power generated by
the PV panel should be converted into the equivalent thermal
energy using the average electricity-generation efficiency, which

is commonly at 38% [35]. The COP of the system could be then
written as

Qcf + Pe/0.38

pump

COP = (34)

The variations of the COP in different working conditions are
shown in Table 3. The COP was found to be the highest at 4.44
when the refrigerant filling ratio is 25%, simulated radiation is
800 W/m* and water flow rate is 400 L/h. The COP increased
with the decrease in the refrigerant filling ratio. This could be
explained by highlighting that with the refrigerant filling ratio
decreasing, the superheated vapour will flow to the condenser
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Figure 12. Relationship between the electrical efficiency and the PV panel
temperature.

more quickly, resulting in more energy stored in the water tank
and higher COP eventually. In the experiments, when under the
same refrigerant filling ratio and the same water flow rate, the
COP of the system increased with the increase in the simulated
solar radiation. In the novel PV/T-MCFLHP system, water pump
is the only energy-consumption equipment. In the meantime, as
the simulated radiation increases, more heat was collected and
recharged to the water tank, leading to increased COP as in
Equation (34).

6. UNCERTAINTY ANALYSIS

The uncertainty of the system’s thermal efficiency was demon-
strated that the fractional uncertainties were influenced mainly
by the refrigerant filling ratio, water flow rate and simulated
radiation. Based on the errors of the instruments, the uncertainty
values are calculated to be £0.002 kg of electronic scales, £10 L/h
of float flow meter and +6.5 W/m? of solar radiation simulator.
According to Equation (35) [36], the uncertainties in the thermal
efficiency were calculated to be 2.67%, meaning that the testing
instruments had influence on the performance of the proposed

system.
1
w, WM2+ WV2+ lez
n |\ M v I

7. CONCLUSION

(35)

In the paper, the novel photovoltaic/thermal (PV/T) system apply-
ing the micro-channel flat loop heat pipe (PV/T-MCFLHP) was
proposed. In order to investigate the performance of the proposed
system, the steady-state heat transfer simulation was carried out
to analyse the performance of the system based on heat balance.
The testing rig was also constructed, and the temperatures, e.g.
PV panel and MCFLHP, were measured. The testing results were
used to validate the simulation model under different working
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conditions, e.g. refrigerant filling ratio, simulated radiation and
water flow rate. The comparison between the simulation and
testing results indicated that the acceptable average error of 10.2%
was found. It was also reported that the maximum thermal effi-
ciency of 43.8% and the maximum total efficiency of 51.3% were
determined for the proposed system operated under the condi-
tions of the refrigerant filling ratio of 25%, simulated radiation of
700 W/m?* and water flow rate of 400 L/h.
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