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a b s t r a c t

A novel photovoltaic/thermal solar-assisted heat pump (PV/T-SAHP) system is described in this paper. A
specially designed direct-expansion evaporator (PV evaporator), which is laminated with PV cells on the
front surface of the thermal absorber, has been adopted in our system to acquire simultaneously thermal
energy and electricity from solar radiation. A dynamic model of the PV evaporator based on the distrib-
uted parameter approach is also presented. Given the instantaneous solar irradiance and ambient tem-
perature, the numerical model is able to output the spatial distributions of refrigerant conditions,
including pressure, temperature, vapor quality and enthalpy. A two-dimensional temperature distribu-
tion of the evaporator body is also computed. Comparisons between the simulation results and the exper-
imental measurements show that the model is able to give satisfactory predictions. The results show that
high electrical and thermal performance can be achieved. The PV efficiency and thermal efficiency are
above 12% and 50% during the testing period.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Solar energy, well known as a clean and inexhaustible energy
source, has received much attention in the past decades. Among
the diversifying research endeavors, photovoltaic and solar-as-
sisted heat pump are two promising yet very different technolo-
gies. A photovoltaic (PV) system consists of interconnected solar
cells which convert photons directly into electron flow. A direct-
expansion solar-assisted heat pump system (DXSAHP) directly
integrates Rankine refrigeration device with solar thermal collec-
tor. The solar collector serves as an evaporator where the refriger-
ant absorbs thermal energy from solar radiation.

The concept of DXSAHP was firstly presented by Sporn and Am-
brose in 1955 [1]. Since 1970s it has undergone substantial devel-
opments, as a response to the global concerns like the energy crisis
and the global warming issues. Compared to the air-source heat
pump system, the DXSAHP operates at higher evaporating temper-
ature and therefore with higher heat pump COP (coefficient of Per-
formance). Numerous theoretical and experimental studies have
been done by researchers worldwide. To name some examples,
Chaturvedi et al. [2] investigated the thermal performance of a var-
iable capacity DXSAHP in which bare solar collector and variable
frequency compressor were employed. Torres-Reyes et al. [3,4]
studied a DXSAHP both theoretically and experimentally; thermo-
ll rights reserved.
dynamic optimization was performed. Kuang and Wang [5] inves-
tigated the long-term performance of a multi-functional DXSAHP
designed for domestic use, through which space heating was of-
fered in winter, air conditioning in summer, and hot water
throughout the year round; the DXSAHP was shown able to sup-
port long-term operation under a wide range of weather conditions
at low running cost. Huang et al. [6,7] presented an integral-type
solar-assisted heat pump (ISAHP) which was able to absorb heat
from solar radiation and ambient air simultaneously; computer
simulations were executed to analyze the daily system
performance.

For PV technology on the other hand, it is a well-known fact
that the electricity generating efficiency of solar cells drops with
the increase in operating temperature. A photovoltaic/thermal
(PV/T) system, which applies a coolant onto the solar cells, can
override such a limitation by bringing down its operating temper-
ature and re-utilizing the captured heat energy. Since 1970s, many
researchers have performed theoretical and/or experimental inves-
tigations on PV/T systems. Their efforts were focused on using
either air or water as the coolant. Again to quote some examples,
as early as in 1979 Kern and Russell [8] used the simulation tool
TRNSYS to investigate a water-type PV/T collector which supplied
thermal energy to a heat pump. Huang et al. [9] introduced the
concept of primary-energy saving efficiency for the evaluation of
water-type PV/T systems. More recently, our collaborative efforts
in China developed a new water-type PV/T collector that adopts
a flat-box thermal absorber design [10–12]. Performance analyses
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Nomenclature

A surface area, m2

C specific heat of solid, J/(kg K)
D pipe diameter, m
E output electricity, W
f friction factor, –
G solar irradiance, W/m2

h specific enthalpy, J/kg
l effective thickness, m
m mass, kg
_m mass flow rate, kg/s

P refrigerant pressure, Pa
Q thermal heat gain, W
_q heat flux, W/m2

R thermal resistance, K/W
r reflectivity, –
T temperature, K
t time, s
u flow velocity, m/s
x vapor quality, –

Subscripts
a air; ambient
b back
c thermal collector
d dry-out
f friction

G gas
in internal
L, l liquid
p pipe
pv photovoltaic
r refrigerant; radiation
ref reference conditions
t thermal
tp two-phase
v vapor

Greek letters
a heat transfer coefficient, W/(m2 K)
b absorptivity, –
e emissivity, –
g efficiency, –
h angle, degree
k thermal conductivity, W/(m K)
l dynamic viscosity, Pa s
n PV cell coverage ratio, –
q average density, kg/m3

r Stefan–Boltzman constant, W/(m2 K4)
s transmissivity of EVA, –
(sb) effective absorptivity, –
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through dynamic simulation and experimental work were con-
ducted. Tripanagnostopoulos et al. [13] presented two modified
air-type PV/T systems. A theoretical model was also developed to
study the effects of the channel configuration and air flow rate
on the electrical and thermal characteristics.

These previous studies have indicated that using water as the
coolant is more effective than using air due to the more favourable
thermo-physical properties [14]. Nevertheless, for supporting
practical heating applications, the hot water temperature has to
reach at least 40 �C. This temperature requirement unavoidably
lowers down the cooling effect of the PV system. To achieve better
cooling effect, refrigerant in an evaporator can be alternatively
used because of its relatively low and steady working temperature.
A specially designed PV/T collector, which can be used as the evap-
orator of a DXSAHP, is presented in this paper. This PV evaporator
combines the two above mentioned solar technologies in a single
system for the dual production of electricity and heat energy.
While a fraction of the solar energy incident on the PV evaporator
is converted to electricity by the PV cells, most of the remaining
portion is converted to heat energy which is absorbed by the refrig-
erant. The direct expansion of refrigerant inside the copper coil
transfers the absorbed heat energy to the condenser. At the same
time, the PV cells are able to operate at some low and stable tem-
perature conditions. This improves the electrical yield of the
system.

2. Structure of PV evaporator module

The structure of our PV evaporator module is shown in Fig. 1. A
single PV evaporator module including the aluminum alloy frame
is of dimensions 1.01 m � 0.73 m. The functional part of the evap-
orator module is a hybrid solar collector with solar cell encapsula-
tion laminated on to the front surface of a thermal absorber panel.
The solar cells are packed between two transparent TPT (tedlar-
polyester-tedlar) layers, with EVA (ethylene-vinyl acetate) acting
as a uniform intermediate layer to conglutinate them. The basic pa-
nel of the collector is composed of a 1.5 mm thick aluminum alloy
plate and a 0.5 mm thick aluminum plate. A copper coil 6.0 m long
with 7 mm outer diameter and 6 mm inner diameter is positioned
in six U-type grooves which are formed by the two aluminum
plates. The spacing (W) between two adjacent grooves is
130 mm. In order to improve the thermal performance of the evap-
orator in cold winter, a glass cover and a thermal insulation layer
are provided, respectively, at the front and the back of the module.
The glass cover is designed for easy removal where necessary. The
search without glass cover is discussed in this paper.

The PV evaporator array in our system consists of nine (3 � 3)
PV evaporator modules, which are facing south at a tilt angle of
38�. Every three of them are connected in series to form a column
and in turn the three columns are connected in parallel. The total
irradiation (thermal collector) area is 5.49 m2 and the total PV cell
area is 4.59 m2. Taking advantage of the symmetry, the numerical
model has been developed based on one single column that carries
three evaporator modules in series.

3. Mathematical model

The distributed modeling approach has been widely used to
simulate the behavior of the dry-expansion evaporator in the
past decades. MacArthur et al. [15] presented a dynamic model
of the evaporator based on homogeneous flow; the momentum
exchange between liquid and vapor in the two-phase flow region
was ignored and the evaporating temperature was considered
unchanged. In Wang’s model [16], the momentum equation
was considered as time-independent and the temperature of
the refrigerant in the two-phase flow region was taken as con-
stant. Tso et al. [17] developed a generalized distributed param-
eter model to analysis both the steady and transient behavior of
dry-expansion evaporators; experimental work was conducted
for model verification.
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Fig. 1. Structure of a PV evaporator module.
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In this paper, we introduce a dynamic distributed parameter
model of the above mentioned PV evaporator. In this model,
the two-phase flow inside the copper coil is taken as homoge-
neous. The mathematical model is composed of three main
equation sets: (i) heat balance equation of the PV module, (ii)
two-dimensional heat conduction equation of the thermal collec-
tor which includes the basic panel and copper coil, and (iii) con-
servation equations of the refrigerant flow. The influence of the
pressure drop on the physical properties of the liquid and vapor
refrigerant, such as temperature, density and enthalpy, has been
taken into account.

3.1. Heat balance equation of the PV module

The thermal resistance at the surface of contact leads to a
temperature differential between the PV cells and the aluminum
plates [18]. Our experimental test detected a temperature differ-
ence ranged from 3–15 �C between the two. In our model, as
shown in Fig. 2, the PV cells and the thermal collector segments
are represented by separate control volumes (nodes). Uniform
temperature of all PV cells is assumed. Each PV cell node is posi-
tioned at the center of the surface of the corresponding discrete
dz

dy

Fig. 2. Discretization of the PV/T collector plate into control volumes.
control volume of the basic panel. The heat balance equation is
established as:

lpvqpvCpv
oTpv

ot
¼ G sbð Þpv � Eþ aa-pvðTa � TpvÞ þ ar; a-pvðTsky � TpvÞ

þ Tc � Tpv

Rpv-c
ð1Þ

where lpv, qpv and Cpv are, respectively, the effective thickness,
density and specific heat of the PV cells; Rpv � c is the contact
thermal resistance between the PV cells and the thermal collec-
tor; aa � pv and a r,a � pv are, respectively, the convective and radi-
ant heat transfer coefficients between the PV cells and the
ambient; G is the solar irradiance; (sb)pv is the effective absorp-
tivity of the PV cells; E is the output electricity from the PV cells.

According to Duffie and Beckman [19],

ðsbÞpv ¼
sevabpv

1� ð1� bpvÞ � r
ð2Þ

aa-pv ¼ 2:8þ 3:0 � uwind ð3Þ

and

ar; a-pv ¼ epvrðT2
pv þ T2

skyÞðTpv þ TskyÞ ð4Þ

where uwind is the wind speed; Tsky is the sky temperature given by

Tsky ¼ 0:0552T1:5
a ð5Þ

In Eq. (2), bpv is the absorptivity of the PV cell; seva and r are,
respectively, the transmissivity and reflectivity of EVA, in that

seva ¼
1� r
1þ r

ð6Þ

r ¼ sin2 h1 � h2ð Þ
sin2ðh1 þ h2Þ

þ tan2ðh1 � h2Þ
tan2ðh1 þ h2Þ

ð7Þ

where h1 and h2 are, respectively, the incidence and refraction an-
gles of the solar beam.

E is given by the instantaneous PV efficiency (gpv), in that

E ¼ Ggpv ¼ Gsevagref ½1� 0:0045ðTpv � 298:15Þ� ð8Þ
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where gref is the electrical efficiency at standard conditions of
1000 W/m2 and 25 �C.

3.2. Two-dimensional heat conduction equation of the thermal
collector

The thermal collector is composed of three elements: the cop-
per coil, the aluminum plate and the aluminum alloy plate. By
neglecting the contact thermal resistance, the temperature of these
three elements can be assumed as uniform at any control volume.
The heat conduction equation of each control volume with lumped
mass mc, specific heat Cc, and thermal conductivity kc is then:

mcCc
oTc

ot
¼ GðsbÞcð1� nÞAc þ aa-cð1� nÞAcðTa � TcÞ þ ar; a-cð1

� nÞAcðTsky � TcÞ þ nAc
Tpv � Tc

Rpv�c
þ arArðTr � TcÞ

þ Ac
ðTa � TcÞ

Rb
þ kc; ylc; yAc

o2Tc

oy2 þ kc; zlc; zAc
o2Tc

oz2 ð9Þ

where Rb is the thermal resistance between the back of the ther-
mal collector and the ambient; (sb)c is the effective absorptivity
of the thermal collector defined in the same manner as in Eq.
(2); lc,y and lc,z are the effective thicknesses along the Y direction
and Z direction, respectively; and n is the PV cell coverage ratio
defined as

n ¼ Apv

Ac
ð10Þ
3.3. Conservation equations of the refrigerant

The transport process of the refrigerant taking place in the
evaporator can be described mathematically by a three-dimen-
sional coupled, non-linear partial differential equation set that
governs the transport of mass, momentum and energy for a New-
tonian fluid. The following assumptions have been made in our
model:

(a) The refrigerant flow inside the evaporator tubing is one-
dimensional and homogeneous. The liquid and vapor refriger-
ant have the same average transport velocity, i.e. the slip
between liquid and vapor is neglected.
(b) The liquid and vapor phases are in saturated thermal equi-
librium and the pressure of the liquid and vapor at the same
cross-section are equal.
(c) The changes in kinetic energy and potential energy are
ignored in the energy equation set.

The control volume for the refrigerant flow is shown in Fig. 3.
With the above listed assumptions, a simplified dynamic flow
model can be obtained as follow:

Continuity equation for the refrigerant:

oq
ot
þ oðquÞ

oz
¼ 0 ð11Þ

where q is the average density of the refrigerant and can be deter-
mined by
z z+dz

Flow direction 

i i-1 i+1

Fig. 3. Control volumes at the refrigerant tubing.
q ¼ qvql

xql þ ð1� xÞqv
ð12Þ

where x is the vapor quality that carries a value of 1 in the super-
heated region, a value of 0 in the subcooling region, and 0 < x < 1
in the two-phase flow region.

Momentum equation for the refrigerant:

oðquÞ
ot
þ oðqu2Þ

dz
¼ � oP

oz
� op

oz

� �
f

ð13Þ

where op
oz

� �
f is the frictional pressure drop of the refrigerant.

Energy equation for the refrigerant:

oðqhÞ
ot
þ oðquhÞ

oz
¼ pDin

Ap
_qr ð14Þ

where _qr is the heat flux at the pipe wall given by _qr ¼ ar Tc � Trð Þ; h
is the average specific enthalpy of the refrigerant determined by the
vapor quality and the specific enthalpy at the saturated liquid and
vapor states, i.e.

h ¼ xhv þ ð1� xÞhl ð15Þ

Substituting the result of Eq. (11) multiplying by u into Eq. (13)
yields:

q
ou
ot
þ qu

ou
oz
¼ � oP

oz
� op

oz

� �
f

ð16Þ

Eq. (14) can be modified in a similar manner, so

oh
ot
þ u

oh
oz
¼ pDin

qAp
_qr ð17Þ
3.4. Frictional loss of the refrigerant

The empirical correlation proposed by Müller-Steinhagen and
Heck [20] has been employed to determine the frictional loss of
the refrigerant, i.e.

op
oz

� �
f
¼ dp

dz

� �
Lo
þ 2

dp
dz

� �
Go
� dp

dz

� �
Lo

� �
x

� 	
ð1� xÞ

1
3

þ dp
dz

� �
Go

x3 ð18Þ

where dp
dz


 �
Lo

and dp
dz


 �
Go

are the single phase frictional loss, respec-

tively, for liquid and vapor states. They can be calculated by

dp
dz

� �
Lo
¼ fL

2 _m2
total

Dinql
ð19Þ

and

dp
dz

� �
Go
¼ fG

2 _m2
total

Dinqg
ð20Þ

In the above equations, the friction factor and the Reynolds
number are obtained from

f ¼ 0:079
Re0:25 ð21Þ

Re ¼
_mtotalDin

l ð22Þ

using, respectively, the liquid and vapor properties.

3.5. Heat transfer coefficient inside the copper coil

A commonly used correlation of heat transfer coefficient for sin-
gle phase flow is the Dittus–Boelter equation [21], in that
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Fig. 4. Discretization scheme of the collector plate.
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a ¼ 0:023
Re0:8Prak

Din
ð23Þ

where the exponent a is equal to 0.3 for liquid and 0.4 for vapor
flow.

The local heat transfer coefficient for two-phase flow is calcu-
lated from a correlation which is based on the Lockhart–Martinelli
parameter [16], in that

ar¼
atpðxÞ ð0<x6xdÞ
atpðxdÞ�½ðx�xdÞ=ð1�xdÞ�2ðatpðxdÞ�avÞ ðxd<x<1Þ

(
ð24Þ

atp xð Þ¼3:4X�0:45
tt al ð25Þ

where al and av are the heat transfer coefficients for liquid and va-
por calculated from Eq. (23) using the liquid and vapor properties,
respectively; xdis the dry-out vapor quality; Xtt is the Lockhart–Mar-
tinelli parameter which is expressed as:

Xtt ¼
ll

lv

� �0:1 qv

ql

� �0:5 1� x
x

� �0:9

ð26Þ
4. Discretization of the equations

To obtain a solution for the problem, the thermal collector
plate is to be divided into small segments, as shown in
Fig. 4. Two types of divisions are used. The first is along the
refrigerant flow direction and the second is based on the Y–Z
co-ordinate. With these two types of division, the temperature
of a collector plate segment have two different forms of
expressions: Tnþ1

c;i and Tnþ1
c;j;k . To facilitate the programming pro-

cedure, transformation between the two different expressions
is necessary. The matrix

Q
ðj; kÞ ¼ i according to the coil cir-

cuitry of the evaporator can be used to realize the
transformation.

With the implicit finite difference method, the dynamic model
of the PV evaporator can then be discretized as follows:

lpvqpvCpv
Tnþ1

pv;j;k�Tn
pv;j;k

Dt
¼GðsbÞpv�Eþaa-pv Ta�Tnþ1

pv;j;k


 �

þar; a-pv Tsky�Tnþ1
pv;j;k


 �
þ

Tnþ1
c;j;k �Tnþ1

pv;j;k

Rpv-c
ð27Þ

mcCc
Tnþ1

c;j;k � Tn
c;j;k

Dt
¼ GðsbÞcð1� nÞAc þ aa-cð1

� nÞAc Ta � Tnþ1
c;j;k


 �
þ ar; a-cð1

� nÞAc Tsky � Tnþ1
c;j;k


 �
þ nAc

Tpv � Tnþ1
c;j;k

Rpv-c

þ arAr Tnþ1
r;i � Tnþ1

c;j;k


 �
þ

Ac Ta � Tnþ1
c;j;k


 �
Rb

þ kc;ylc; yAc
Tnþ1

c;j;kþ1 þ Tnþ1
c;j;k�1 � 2Tnþ1

c;j;k

Dy2

þ kc; zlc; zAc
Tnþ1

c;jþ1;k þ Tnþ1
c;j�1;k � 2Tnþ1

c;j;k

Dz2 ð28Þ

qnþ1
i � qn

i

Dt
þ ðquÞnþ1

i � ðquÞnþ1
i�1

Dz
¼ 0 ð29Þ

qnþ1
i

unþ1
i � un

i

Dt
þ ðquÞnþ1

i

unþ1
i � unþ1

i�1

Dz
¼ � Pnþ1

i � Pnþ1
i�1

Dz
� op

oz

� �nþ1

f ;i

ð30Þ
hnþ1
i � hn

i

Dt
þ unþ1

i

hnþ1
i � hnþ1

i�1

Dz
¼ pDin

qnþ1
i A

_qnþ1
r;i ð31Þ

In Eqs. (27)–(31), the integer n is for time step and i, j, k are for
position identification.

5. Numerical simulation

To solve the above equation sets, initial distribution data of
temperature, pressure and vapor quality for refrigerant as well as
temperature for PV cells and thermal collector are required. The
instantaneous boundary conditions, including solar irradiance,
ambient temperature and inlet physical properties and mass flow
rate of the refrigerant are also necessary. In order to investigate
the dynamic behavior of the PV evaporator, a numerical simulation
program written in C++ language has been developed.

Fig. 5 gives the flow chart of the computation process of the dy-
namic model. The program starts with assigning necessary initial
values to the variables and setting the simulation time step to zero.
Then the subroutines for computing the temperatures of the PV
cell and the collector plate are called. The pressure, temperature,
enthalpy, vapor quality and velocity of the refrigerant are then cal-
culated based on the subroutines for Eqs. (29)–(31) and the auxil-
iary subroutines of the heat transfer coefficients, frictional pressure
drop and refrigerant physical properties. The above processes are
repeated until the relative error becomes small enough through
iteration. Then the same calculations are repeated for all nodes
with the advancement of the simulation time clock and up to the
end of the simulation period.

6. Experimental setup

A schematic diagram of the PV/T-SAHP testing rig is shown in
Fig. 6. An air-source evaporator and an air-cooled condenser are,
respectively, connected in parallel with the PV evaporator and
the water-cooled condenser. The PV cells of the evaporator are of
single-crystalline silicon type having the following photovoltaic
characteristics at standard testing conditions (i.e. at 1000 W/m2

and 25 �C): 0.63 V open circuit voltage, 5.12 A short-circuit current,
2.40 W maximum power, 0.53 V and 4.58 A at maximum power
point, and 15.4% electrical efficiency.

Four pressure sensors (Huba 506, accuracy ±0.5%) are located in
the inlet and outlet of the evaporator and condenser to measure
the pressure of the refrigerant. A mass flowmeter (Micromotion
RS025, accuracy ±0.5%) is installed between the condenser and
the expansion valve to record the mass flow of the refrigerant.
Two wattmeters (accuracy ±0.5%) are used in the system to test
the power consumption of the compressor and the output electric-
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Fig. 5. Flow chart of the computer program of the PV evaporator.
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ity of the PV evaporator, respectively. A solar pyranometer (TBQ-2,
uncertainty about ±10 W/m2) is mounted near the PV evaporator
Air Evaporator

PV Evaporator

Inverter

Accumulator

Air Condense

Water Conden

Water Box
Circulation Water

T1-T41, Thermocouples; V1-V8, Cut-off va l

F1-F2, Flow meters;   

Fig. 6. Schematic diagram of the P
to measure the instantaneous solar radiation intensity. Numerous
copper-constantan thermocouples (T-type, with uncertainty
±0.2 K) are used in the system to measure the temperature distri-
bution of the system.

The experiment was carried out in Hefei, a city located at Cen-
tral China at 31.87 �N and 117.23 �E. In our experimental tests, the
PV evaporator and the water-cooled condenser were in service,
with the supply temperature of the cooling water to the condenser
kept constant and the compressor running at a constant frequency
of 40 Hz.

7. Results and analysis

The solar irradiation and ambient temperature, which were
monitored during the experiment period from 8:00 to 16:00, are
shown in Fig. 7. It can be seen that the solar irradiation was from
200 to 840 W/m2 and having the maximum value at noon. The
ambient temperature increased from 279 K in the early morning
to 287 K at about 13:30.

7.1. The pressure of the PV evaporator

The numerical and experimental data of the inlet and outlet
pressures of the PV evaporator are compared in Fig. 8. It can be
seen that the pressures generally increase with the solar irradia-
tion. The predicted Pin, which is the fit values of the experimental
inlet pressure of the evaporator, is adopted as the input boundary
conditions of the simulation program. As can be seen in the figure,
the experimental pressure drop was found much higher than the
simulation prediction, and this resulted in an underestimation of
the saturated temperature gradient. A corresponding higher tem-
perature gradient along the copper coil was also observed during
the experiment.

The simulation result of pressure distribution along the copper
coil in the evaporator (with three modules in series) is given in
Fig. 9. The frictional pressure drop was found increasing with the
r

ser
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Valve

ves;  P1-P4, Pressure sensors;   
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V-SAHP experimental setup.
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vapor quality in the two-phase flow region but declining in the
dry-out region (x > xd) [22]. In this graph, the slope of the pressure
along the pipe escalates in the two-phase region but drops where
the pipe length is at about 17 m.
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Fig. 9. Pressure distribution along the copper coil.
7.2. The temperatures of the PV cells and solar collector

The thermocouples were located at the test point (Y = 0.835 m,
Z = 0.9 m) of the middle module to monitor the temperatures of the
PV cell and the thermal collector. The simulation and experimental
results are given in Fig. 10. It can be seen that the simulation re-
sults show good agreement with the experimental data. The tem-
peratures increase in the morning and reach their maximums at
noon; the trend is therefore the same as the solar irradiation. A
considerable temperature difference of 3–20 K between the PV cell
and the collector plate can also be observed in this graph.

7.3. The electrical and thermal performance of the evaporator

Fig. 11 shows the output electricity and PV efficiency of the
evaporator. The deviations of the predicted values from the exper-
imental data were found within ±8%. The output electricity, rang-
ing from 106 to 520 W, experiences the same trend as the solar
irradiation. The PV efficiency however, shows a different trend
with the output electricity. This is because the PV efficiency in-
creases with s eva and declines with Tpv as illustrated in Eq. (8).
In the early morning and late afternoon, seva increases rapidly with
the decline of the incidence angle of the solar beam. It remains al-
most constant from 10:00 to 14:00. Therefore, the PV efficiency ap-
proaches the ‘‘M” type curve with a tiny saddle at noon. It is also
observed that both the simulation and experimental values of
the PV efficiency are in good agreement and are above 12%. The
performance is generally higher than those experienced in the
water or air-type PV/T systems.

Fig. 12 shows the variation of the heat gain Q and thermal effi-
ciency gt of the evaporator. The heat gain generally increases with
the solar irradiation. The thermal efficiency, which is above 50%
during the testing period shows an opposite trend with the PV effi-
ciency. The mean absolute deviation of the predicted and experi-
mental values is about 10%. The absolute deviation in the early
morning and late afternoon can reach 20% or higher. There exists
an inflexion of the predicted values in the early morning due to
the influence of the arbitrarily assigned initial values in the simu-
lation program.

The numerical simulation of a direction expansion evaporator
with the same boundary conditions has also been done. The aver-
age heat gain and the thermal efficiency are 2231 W and 68.1%,
respectively, which are higher than the PV evaporator. Neverthe-
less, the PV evaporator can generate electricity and thermal energy
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Fig. 14. Two-dimensional temperature distribution of the thermal collector.
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simultaneously. The evaluation presented by Huang [7] is intro-
duced to describe the total performance of the PV evaporator.

Q total ¼ Q þ E
0:38

ð32Þ

gtotal ¼ gt þ
gpv

0:38
ð33Þ

where Qtotal and gtotal are the total heat gain and total efficiency of
the PV evaporator, respectively.

With Eq. (32,33), the average total heat gain and total efficiency
of the PV evaporator are 2997.8 W and 95.6% which are much high-
er than the direct-expansion evaporator.

7.4. The temperature distribution of the evaporator along the coil

The predicted temperatures of the thermal collector, PV cells,
and refrigerant along the coil at 12:00 are illustrated in Fig. 13.
The temperature lines decline along the coil in the two-phase re-
gion due to the pressure drop, but increase rapidly in the super-
heated region. The temperature difference between the PV cells
and the thermal collector is much higher than that between the
thermal collector and the refrigerant.

Two-dimensional temperature distribution of the collector
plate is depicted in Fig. 14. The temperature changes along the Z
direction are much smaller than those along the Y direction. Be-
cause of the shadows cast by the frames, the effective collector area
for the peripheral nodes along the Z direction in every evaporator
module is slightly smaller than that of the other nodes. Hence,
the temperature line shows a zigzag trend in the two-phase flow
region. The temperature drop along the flow direction in the super-
heated region is owing to the heat conduction of the nodes with
the others in the two-phase flow region along the Y direction.

7.5. The distribution of the vapor quality and average specific enthalpy

The distribution of the vapor quality and average specific en-
thalpy of the refrigerant can also be predicted by our program.
The simulation results at 12:00 are depicted in Fig. 15. It can be ob-
served that the vapor quality varies almost linearly in the two-
phase flow region and remains constant in the superheated region.
A similar trend of the average specific enthalpy is also observed.

7.6. Error analysis

The experimental error of the independent variables, such as
pressure, temperature, mass flow, output electricity and solar irra-
diation, is determined by the accuracy of the corresponding instru-
ment. While the experimental error of the dependent variables,
such as Q, gt andgpv can be calculated from the experimental error
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Table 1
The experimental RME of the variables

Variable Pin Pout Tw E gpv Q

RME 0.5% 0.5% 0.064% 0.5% 1.79% 22.9%
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of the independent variables according to the theory of error prop-
agation. Given a dependent variable y, its function can be ex-
pressed as follows:

y ¼ f ðx1; x2; . . . ; xnÞ ð34Þ

where xi, (i = 1, . . .,n) is the variable of the function.
The relative error (RE) of dependent variable y can be expressed

as follows:

RE ¼ dy
y
¼ of

ox1

dx1

y
þ of

ox2

dx2

y
þ � � � þ of

oxn

dxn

y
ð35Þ

where of/oxi is the error transferring coefficient of the variables.
The experimental relative mean error (RME) during the testing

period can be defined as:

RME ¼
PN

1 jREj
N

ð36Þ

Therefore the experimental relative mean error (RME) of the
dependent variables can be obtained according to their function
and Eq. (34). The MRE of all variables discussed is listed in Table 1.

8. Conclusions

A novel photovoltaic/thermal solar-assisted heat pump (PV/T-
SAHP) system, which can generate electricity and heat energy
simultaneously, is presented in this paper. A mathematical mod-
el based on the distributed parameter technique has been intro-
duced for predicting the dynamic system behavior.
Corresponding experiment has been carried out to test the actual
performance and to verify the numerical model. The PV effi-
ciency was found above 12%, which is higher than the perfor-
mance in the other types of PV/T system. Better cooling effect
of the PV cells is therefore confirmed in this system. Simulation
results, such as temperature, output electricity and heat gain
show satisfactory agreement with the experimental data. The
deviations of the predicted and measured output electricity
and PV efficiency are within ±8%. The mean absolute deviations
of the heat gain and thermal efficiency are about 10%. Notwith-
standing these, the model underestimates the refrigerant pres-
sure drop at the PV evaporator.
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