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Abstract:  In order to utilize solar energy effectively and to achieve a higher electrical efficiency by limiting the operating
temperature of the photovoltaic (PV) panel, a novel photovoltaic/thermal solar-assisted heat pump (PV/T-SAHP) system was
proposed and constructed. The hybrid solar system generates electricity and thermal energy simultaneously. A distributed pa-
rameters model of the PV/T-SAHP system was developed and applied to analyze the system dynamic performance in terms of PV
action, photothermal action and Rankine cycle processes. The simulation results indicated that the coefficient of performance
(COP) of the proposed PV/T-SAHP can be much better than that of the conventional heat pump. Both PV-efficiency and photo-
thermic efficiency have been improved considerably. The results also showed that the performance of this PV/T-SAHP system was
strongly influenced by the evaporator area, tube pitch and tilt angle of the PV/T evaporator, which are the key factors in

PV/T-SAHP system optimization and PV/T evaporator design.
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INTRODUCTION

Due to the depletion nature of fossil fuels, the
use of alternative energy sources, like solar energy, is
receiving wider attention for heating, cooling and
power generation applications. Theoretically, the
maximum possible efficiency of a single crystalline
silicon solar cell is about 25% under global AM1.5
spectrum (1000 W/mz) at 25 °C. However, the
maximum efficiency drops rapidly to 14% at 100 °C
(Ristinen and Kraushaar, 1999; Green et al., 2006).
This loss of efficiency is mainly due to the drop in
open-circuit cell voltage. Theoretical studies showed
that such a loss is inevitable, so it is needed to effec-
tively cool the solar cells for achieving good photo-
voltaic (PV) (Wysocki and Rappaport, 1960; Sze,
1981). Moreover, other losses, such as edge loss and
back loss, make the efficiency of a commercial stan-
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dard PV panel lower which only ranges from 10% to
14%. Most of the solar energy striking on a PV panel
is converted into heat energy. How to utilize this
waste heat to support space heating, water heating, or
other household activities has been a current subject
of interest—a research area known as the photo-
voltaic/thermal (PV/T) technology which is to con-
vert solar radiation into electricity and thermal energy
simultaneously. Another reason for the hybrid option
is the importance of cooling the solar cells. In some
cases, this is achieved by means of an air stream—a
technique mainly applying in building integrated
PV/T systems, where warm air is used for space
heating purpose (Cox and Raghuraman, 1985; Sopian
and Yigit, 1996).

In order to achieve more effective cooling, water
is used to replace air as the heat-transfer medium
(Kamoshida et al., 1991). Imre et al.(1993) presented
such a PV/T design concept with the module either
glazed or unglazed, which can be integrated into the
building structure. Fujisawa and Tani (1997) intro-
duced similar PV/T systems with single glass cover,
and showed that the thermal zero loss efficiency of



Pei et al. / J Zhejiang Univ Sci A 2008 9(7):970-980 971

the system could be above 0.7. Vries (1998) carried
out a detailed study of water-type PV/T collectors,
through both theoretical and experimental works.

In most water-type PV/T systems, the coolant
flow conduits are integrated directly with the PV
module. For household applications, the required
temperature of the service water should be at least 50
°C, which means the PV operating temperature would
be higher than 50 °C so that the PV-efficiency drops
considerably. This mismatch between water tem-
perature and PV-efficiency has restricted the devel-
opment of PV/T systems (Garg and Agarwal, 1995; Ji
et al., 2003a; Chow, 2003).

On the other hand, the global concerns about
energy saving have made the use of heat pumps in-
creasing popular for residential, commercial and in-
dustrial applications. With the lengthy application, the
heat pumps have undergone many significant design
changes that make them much reliable and competi-
tive compared with other heating equipments de-
signed for conventional fuels such as oil. So-
lar-assisted heat pump (SAHP), a special kind of heat
pump, has been studied for several years. An SAHP is
composed of a Rankine-refrigeration-cycle unit that is
coupled with a solar collector as the evaporator. It has
been demonstrated that a high coefficient of per-
formance (COP) can be achieved through the system
due to heat pump and solar energy of their compli-
mentary characteristics (Chaturvedi and Shen, 1984;
Morrison, 1994; Hawlader et al., 2001; Kuang et al.,
2003). A heat pump operates more efficiently at
higher evaporating temperature whereas a PV module
operates more efficiently at lower temperatures. The
PV module and the heat pump evaporator can be
favorably integrated as a single component, known as
the PV/T evaporator. Fig.1 shows its design features,
as constructed in our system. During operation, a
portion of the solar radiation on the PV/T evaporator
is converted to electricity through the PV cells, and
the major part goes to thermal energy. The latter
serves as a heat source for refrigerant evaporation—a
process that lowers more considerably the operating
temperature of the PV/T evaporator than in a con-
ventional PV module. On the other hand, because of
the direct insulation, its evaporating temperature is
higher than that in a normal heat pump. As a result, by
integrating PV action, photothermic action together

with the Rankine cycle, the PV-efficiency, photo-
thermic efficiency and COP of the heat pump are
overall improved in the hybrid PV/T-SAHP design.
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Fig.1 Schematic diagram of PV/T evaporator

Ito et al.(1997; 2005) carried out experiments in
Japan to study the effect of bonding the PV modules
onto the flat-plate evaporator of an SAHP. It was
concluded that the PV modules on the evaporator had
negligible effects on the performance of the SAHP,
and a high level of COP had been reached. The ex-
periments by Ito et al.(1997; 2005) were primarily
focused on the thermal performance. In our study, as
presented below, the PV performance of PV module,
the general PV/T application of solar radiation, and
the performance of heat pump were all evaluated
systematically. A dynamic distributed parameters
model was developed to analyze the thermal, PV and
general PV/T performance of the PV/T-SAHP sys-
tem.

Fig.2 shows a brief schematic diagram of our
proposed PV/T-SAHP system. The convective
evaporator, connected in parallel with the PV/T
evaporator, only works on cloudy days to replace the
duty of the PV/T evaporator. The water bath con-
denser provides warm water for space heating and
other household applications. The convective con-
denser can directly provide warm air for space heating
in winter. The operating mode of the PV/T-SAHP
system is governed by the valve positions. With a
four-way valve at the compressor outlet (not shown in
Fig.2), the system can provide space cooling in
summer on top of its heating functions, and thus ex-
tended its service as a multi-functional PV/T-SAHP
system.
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Fig.2 Schematic diagram of PV/T-SAHP system

MATHEMATICAL MODEL

The PV/T-SAHP system model mainly includes
two parts: a PV/T evaporator model and a heat pump
Rankine cycle model. This model was developed to
simulate the system dynamic performance, primarily
under the daily variation of meteorological data. How
the system characteristics are influenced by the de-
sign parameters (like evaporator area, tilt angle, tube
pitch, and so on) can also be analyzed.

PV/T evaporator model

The PV/T evaporator consists of PV cells,
heat-carrying aluminum plate, refrigerant tubes,
thermal insulation layer and aluminum frame. The
configuration is showed in Fig.1. The PV cells are
affixed to the topside of the aluminum plate; the re-
frigerant tubes are welded to its back surface and
covered by the thermal insulation layer. Thermal
energy is to conduct well all the way through the PV
cells, the aluminum plate and the refrigerant tube.

For the PV/T evaporator plate (including the
aluminum plate and the PV cells), let p, 0 and C be
respectively the density (kg/m’), thickness (m) and
specific heat capacity (J/(kg-K)) of the plate, then

5C((11—T—1a E+(h,+h)T,-T)

+ hAref ( ref

(M
~D)H (T, =T/ Ry,

where T, is the temperature of ambient air, K; Tir the
temperature of refrigerant, K; 7 the temperature of the
plate, K; / the instantaneous solar irradiance falling on

the evaporator, W/m’; o the effective absorptivity of
plate; E the electric power output of the PV cells, W;
h. the convective heat transfer coefficients of air,
W/(mz-K); h, the radiation heat transfer coefficients,
W/(mz-K); h the convective heat transfer coefficient
of refrigerant flow in tube; 4, the inner surface area
of the flow channels per unit surface area of the plate,
mz; Ri, the thermal resistance between plate and the
ambient air at the back of the PV/T evaporator,
(m*K)/W.

Fig.3 shows one portion of the PV/T evaporator
between two adjacent refrigeration tube sections. The
pitch of two parallel tube sections is defined as the
tube pitch Ly (m). If the heat conduction in the y di-
rection (the tube running direction) can be neglected,
the heat-transfer behavior of the PV/T evaporator
through thermal conduction can be described as:

86_7;:%87 [U(T, -T)+(ra)],
(5)()“/2 ()
T
(7) R
o=T,

where k is the thermal conductivity of the PV/T
evaporator, W/(m'K); (za) the product of transmis-
sivity and absorptivity; D the inner diameter of the
refrigerant tube, m; ¢ the wall thickness of the re-
frigerant tube, m; x the distance of a point at the
aluminum plate from the nearest tube position, m.
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Fig.3 Part diagram of PV/T evaporator

For an unglazed PV/T evaporator, the overall
heat loss coefficient Uy (W/(m*K)) has a significant
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effect on the collector performance. Two components
are involved: back loss and top loss, i.e.,

U =U+U,, 3)

where the back loss coefficient U, (W/(m*K)) is
usually negligible when the evaporator is properly
insulated; the top loss coefficient U, (W/(m*K)) is a
function of the radiation and convective heat loss
coefficients.

For such a forced boundary layer flow, the con-
vective heat loss coefficient 4. can be written as
(Kreith, 1973)

h, =0.036(Pr)"*k,(Re™ —23200.0)/ L, (4)
where Pr is the Prandtl number of air; &, the thermal
conductivity of air, W/(m-K); Re, the Reynolds num-
ber based on evaporator length; L the width of PV/T
evaporator, m. The wind direction was assumed par-
allel to the surface of the PV modules.

The radiation heat loss coefficient can be written
as (Duffie and Beckman, 1980)

o(T!
h = —(T T‘”), (5)
and
T,, =0. 0552T1 3 (6)

where Ty, is the sky temperature, K; o the
Stephan-Boltzman constant, W/(mz-K4); S the tilt
angle of the evaporator, °

The pressure drop inside the refrigerant tube is
determined by treating the two-phase mixture as
homogeneous and then applying the mass, momen-
tum and energy balances. The equation, after simpli-
fication, is expressed as (Chaturvedi et al., 1982):

2C,G?

where G is the mass flux of refrigerant, kg/(m*s); x
the dryness fraction which varies with the evaporating
pressure and specific enthalpy of the wet vapor; v¢and

v, are the specific volumes (m3/kg) of saturated liquid
and saturated vapor, respectively and are the func-
tions of evaporating pressure only. The friction coef-
ficient, Cy, is a function of the tube Reynolds number,
and its functional form depends on whether the flow
is laminar or turbulent (Chaturvedi et al., 1982):

C, =0.079/ Re": 25, for laminar flow,

(8a)

C; =16/Re,, for turbulent flow, (8b)

where D; is the equivalent diameter.
Since x=x(p,h), we can write the following ex-
pression

dr_[ox d_P+(a_xj dn_ 1 dh [ox) dp
dz \op),dz \on) dz h,dz \op), dz
9
In the absence of large pressure drops,

Hx)dp 1
op), dz  h, dz’

fg

so Eq.(9) can be simplified as

L

e (10)

Rle
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g

Through the aluminum plate and the circulation
tube, heat energy is transferred from the PV cells to
the refrigerant (R-22). The heat transfer coefficient
between the tube and the refrigerant can be given by
the Dittus-Boelter correlation for single-phase flows
(Shah, 1979), i.e.,

Nu =0.023Re"* Pr, (11)

where

Nu=hD/k, Re=GD/u, (12)

and for two-phase flows,
3 8)60 76 1 X 0.04
hy, =h{(1—x)08 13(78)} (13)

The electric power output £ of the PV modules is
correlated to the working temperature (Ji et al.,
2003a), in that
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1| a+b(T, —298.15
E= [ (;A ﬂ, (14)

where the calibration radiation 7. is 970 W/m?; cali-
bration area 4. is 0.485 mz; ais 66.42 W and b is
—0.244 W/K.

The overall efficiency of the PV/T evaporator is
defined as

=10+ 1 (15)

where 77, and 77, are the photothermic efficiency and

the PV-efficiency of the PV/T evaporator, respec-
tively. They are the time-averaged values given by

_ J‘: mact (hout - hin )d T

: - , (16)
ch Idr
and
ITZEdz'
7= "T , (17)
‘Idr

where A, is the radiation receiving area of the PV/T
evaporator, mz; hin and A,y are the specific enthalpies
of the refrigerant at the PV/T evaporator inlet and
outlet, kl/kg.

Heat pump system model

A portion of the solar radiation received by the
PV/T evaporator is converted into electricity, while
most of the other portion is converted into thermal
energy. Heat pump upgrades the absorbed thermal
energy to a higher temperature level, and discharges
the energy in the condenser. On the other hand, in the
evaporator tube the refrigerant fully vaporizes and
cools the PV modules. This improves the overall
efficiency of the PV/T-SAHP system.

The thermodynamic cycle of the heat pump is
shown on a 7-S diagram in Fig.4. Sub-cooled refrig-
erant, flowing out of the condenser (at Point 7), is first
throttled in the capillary tube or the expansive valve
(through the Process 7-8), then enters the PV/T
evaporator (at Point 8). In the evaporator, the refrig-
erant absorbs heat from the solar irradiation and va-

porizes gradually. At the evaporator output (Point 2),
the refrigerant reaches the slightly superheated state,
and is further acted on by the compressor and dis-
charged as a high temperature high pressure super-
heated gas at the outlet end (Point 3). Then it enters
the condenser where it is cooled to become a
sub-cooled liquid (the Process 3-7). One heat pump
thermodynamic cycle is therefore completed.

T\: condensing temperature, °C; T,: evaporating temperature, °C;
Py: condensing pressure, Pa; P,: evaporating pressure, Pa

Fig.4 Thermodynamics cycle of heat pump

During the operation, the PV/T evaporator di-
rectly absorbs solar radiation as the heat source for the
heat pump cycle. The evaporating temperature
changes in accordance with the instantaneous mete-
orological conditions like solar radiation intensity; so
are the changes in compressor working conditions.
The complexity makes the traditional mathematical
model of a heat pump compressor not suitable for
PV/T-SAHP. The authors in a previous study (Ji et al.,
2005) had developed the following heat pump com-
pressor model, which is also suitable for the applica-
tion where the evaporating temperature may fluctuate
tremendously.

The actual mass flow rate n1,,, and actual power
N, of the compressor are given (Ji et al., 2005) by

Mg =1y F (T4, T, (18)
and

Nact :NinF;(nd’nv)’ (19)

where F(Te,Tey) and Fy(Teq,Tey) are the curve-fit
functions based on the compressor experimental data.
The theoretical refrigerant mass flow rate m,, (kg/s)

is given (Ji et al., 2005) by
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mthvsuc = 6Oﬂ‘vﬂ‘p}”fﬂ'DnTtRzS‘g(2 - 6‘) > (20)

where vy, is the specific volume of refrigerant at the
suction end, m3; n the number of cylinders, R the
inner radius of cylinder, m; S the stroke of the cylinder,
m; and ¢ the eccentricity of cylinder. The subscripts
Vv, ‘p’, “T” and ‘D’ of the compressor coefficients 4
respectively stand for volume, pressure, temperature
and leakage effects. The theoretical compressor

power input is then (Ji et al., 2005)

m—1

. Pm|(P,|™
Nth = I/vthﬂv = [ «d j _1 5
m

—1|l P @b

ev

where V,, is the theoretical volume flow rate, m’/s; ,
the volumetric efficiency; m the index of polytropic
compression; P, and P4 respectively the evaporating
and condensing pressures, Pa. The system power
input at compressor is given by

N,
N, :L[ . +N1]a
77mo 77i

(22)

where M, is the power loss by friction; #; and 7, are
the isentropic and motor efficiencies, respectively.

The refrigerant mass flow rate through the capil-

lary tube can be determined by the following em-

pirical equation (Jung and Park, 1999)

]’i’l _ CIDCZ LC} T;dC4 10C5><DSC’ (23)

where the coefficients C;=0.249029, C,=2.543633,

C5=—0.42753, C,=0.746108 and Cs=0.013922; DSC
is degree of superheat.

SYSTEM SIMULATION AND RESULT ANALY-
SIS

Hefei, a city located at 31.87° N and 117.23° E,
is in the middle-south region of China. The weather
dataset of one typical sunny day of Hefei, the 9th of
May, 2005, was used in this simulation study. The
data was obtained from a typical weather file on the
website of 3E HV&AC developed by Tsinghua Uni-

versity (http://www.hvacr.com.cn/, Feb. 14, 2007).
Fig.5 shows the daily variation of ambient tempera-
ture, beam radiation and diffuse radiation on that day.
The average dry bulb temperature was 22.97 °C, the
average beam radiation 661.68 W/m’, the average
diffuse radiation 32.38 W/m’, and the average wind
velocity 4.5 m/s.
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Z 800+ / {24 2
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Fig.5 Meteorological data of May 9, 2005 in Hefei,
China

For the PV/T evaporator, the specifications of
the single-crystalline silicon solar cell which are re-
ferred to the standard testing conditions of 25 °C and
1000 W/m? are shown in Table 1. Other PV/T-SAHP
parameters used in the computation are in Table 2.

Table 1 Specifications of the solar cell

Parameter Value
Net cell area on PV/T evaporator (cm?) 156.25
Photovoltaic efficiency (%) 15.4
Open circuit voltage (V) 0.627
Close circuit current (A) 5.115
Maximum power (W) 2.402
Voltage at the maximum point (V) 0.529
Current at the maximum point (A) 4.583

Table 2 PV/T- SAHP parameters

Parameter Value
Input power of compressor (W) 1200
Diameter of refrigerant tube (mm) 6
Thermal conductivity of aluminum plate 237
(W/(mK))
Thermal conductivity of refrigerant tube 401
(W/(m'K))
Emissivity at PV-module 0.90
Absorptivity at PV-module 0.85
Condenser water temperature at inlet (°C) 20
Condenser water temperature at outlet (°C) 50
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Table 3 Thermal properties of the refrigerant R-22

Thermal property Calculation equation
Specific heat of constant volume ¢, =0.04135T* —0.219607 +0.290437> + 0.310107, +0.20428
9 3 ) )
Pressure of supersaturated vapor p=10RTT,p|1+ Z Zbi/ /T |p'
S\ =
0 B
Enthalpy of supersaturated vapor h=— I [Tr [;j - p‘|p *dp + % + J'cvodT +492.348
e
il op ) -
Entropy of supersaturated vapor s=-T, ! I [(;T?}p *dp + I%f’dT +4.1745
M T ! " us ! dp§
Enthalpy of saturated liquid h'=h"-01T.T.(1/ p" =1/ p )d—];
M M ’ " ’r / dp§
Entropy of saturated liquid s'=s"-0101/p"-1/p )d—T
Density of saturated liquid p'=p.expla,(1-T)" +a, (T, - D[0.2(T, +1)* +0.5]}
Enthalpy of wet vapor h =xh"+(1-x)h'
Entropy of wet vapor s =xs"+(1-x)s’
Pressure of saturated vapor D, = p.exp[RilnT, + (Ri— 4+ P)o(T))],

where ¢ =4[(T. =1)/T]+ (T, = )[0.2(T. +1)* +0.5]-5.3InT,
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The PV-efficiency of an ordinary PV module is
only about 12.3% (Ji et al., 2003a). Hence the
PV-efficiency of the proposed PV/T-SAHP system is
16.3% higher. Also from the simulation results, the
average photothermic efficiency was found 70.4% and
the overall PV/T-efficiency added up to 84.7%. So by
working with a lower temperature level, the overall
energy conversion efficiency of PV/T-SAHP is much
higher than that of the traditional solar devices. For
example, the efficiency of the best vacuum tube sys-
tem is about 60%. By comparison, the overall con-
version efficiency of PV/T-SAHP is 41.2% higher.

Heat pump COP

Figs.8 and 9 show that both the condensing
power and the heat pump COP increase with the in-
crease of the solar beam radiation. At 7:00 in the
morning, the condensing power is 3.5 kW, and at
12:30 it becomes 5.7 kW. This reveals that under
direct sunlight, the PV/T evaporator operates at a
higher evaporating temperature than the convective
one does, thus contributing to a higher COP than an
ordinary heat pump. On the 9th of May for instance,
the PV/T-SAHP system gained 220x10° J heat energy
throughout the day with an average COP of 4.66.
Compared to the ordinary heat pump with a COP of
3.25, the increase is about 43% for very similar test-
ing conditions in Hefei (Ji et al., 2003b).

Energy consumption

The energy consumption of PV/T-SAHP can be
defined as the difference between its electricity input
and electricity output. In Fig.10, from 8:15 to 15:00,
the electricity output of the PV modules is more than
the system electricity input, but the output is less than
the input at the other 4 h. Within the whole day, the
accumulated electricity input was 13.2 kW-h, and the
accumulated electricity output was 12.7 kW-h. Taking
the electricity efficiency of the converter and the
storage battery as 0.75, the net energy consumption is
3.8 kW-h for the day. If the ordinary convective heat
pump (with a COP of 2.7) was used to gain the same
amount of heat, the consumed electricity would be
22.9 kW-h. The electricity consumed by the ordinary
heat pump is therefore about five times more than that
by the PV/T-SAHP system.

In actual operation, there can be a net output of

electric power from PV/T-SAHP if the compressor
works intermittently. For example, if the compressor
works only from 10:00~14:00 of the day, the system
can then not only cover its own electricity consump-
tion, but also have a net electricity output of 6.0 kW-h.

Optimization of the PV/T evaporator

Figs.11 and 12 show that the increase of the tube
pitch Ly will lead to a distinct decrease of average
PV-efficiency, as well as condensing power. When L
is reduced from 50 ¢cm to 10 cm, the maximum con-
densing power increases by 28% from 5 kW to 6.4
kW.

Figs.13 and 14 show the variation of PV-effi-
ciency and temperature distribution at the PV/T
evaporator with the normalized distance (2x/Ly).
When Ly is 10 cm, the temperature of the PV module
has a variation of 1.3 °C along the x direction and the
PV-efficiency has a variation of 0.1%. When L, is 50
cm, the temperature of the PV module has a variation
of 22.2 °C along the x direction and the PV-efficiency
has a variation of 1.5%. Apparently, the smaller the
variation in temperature, the better is the PV module
operating condition.

Figs.6~10 show that, although the increase in
evaporator surface area for receiving solar radiation
may lead to a decrease of PV-efficiency, it improves
the output power, COP, condensing power, and so on.
Figs.15 and 16 show that, when the tilt angle changed
from 0° to 30°, the electric power output and the
condensing power of the heat pump changed very
little at Hefei in May. When the tilt angle changed
from 30° to 90°, however, the electric power output
and the condensing power declined rapidly. Their
minimum values are respectively 23% and 75% of the
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Fig.16 Variation of electrical output with tilt angle
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maximums. The output electric power and the con-
densing power had their peak values when the tilt
angle was between 0° and 15°.

CONCLUSION

The simulation shows that our novel PV/T-
SAHP system greatly enhances the overall solar en-
ergy utilization and the thermal performance of the
heat pump. Its PV-efficiency is 16% higher than that
of the conventional PV system and its COP is about
43% higher than that of the conventional heat pump.
The overall PV/T-efficiency of the PV/T-SAHP sys-
tem can reach 84.7%. Considering the electrical per-
formance, the energy consumed by the PV/T-SAHP
system is only one sixth that of the conventional heat
pump. Evaporator area, tilt angle and tube pitch are
the key design parameters to be investigated in system
optimization.

The PV/T-SAHP system proposed in this paper
has a significant potential for space heating and do-
mestic water heating in the subtropical region such as
the south-middle region in China, where there is a
widespread demand of fuel oil and electricity for
domestic heating. The PV/T-SAHP system works
favorably compared with the ordinary heat pump and
solar energy systems. More comprehensive economic
analysis and operating experiences are needed to
determine the practicality of this PV/T-SAHP system.
The high PV/T-efficiency in hybrid solar technology
and high COP in heat pump application indicate that
an optimized version of the PV/T-SAHP may compete
effectively with the conventional residential heating
equipments in the near future.
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