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Abstract Two solar photovoltaic-thermal (PVT) energy conversion systems are described and their performance tested
under laboratory conditions. One of these was a simple Flat Plate (FP-PVT) design, with headers and risers for heat re-
moval the other a fixed linear axis Compound Parabolic Concentrating solar PVT (CPC-PVT) energy conversion system
with a heat-pipe for removal of solar gain. Both had a low iron glass cover for high transmissivity of solar radiation, and
polycrystalline silicon solar photovoltaic cells adhered to the absorber. Heat loss coefficient for the FP-PVT collector was
measured as 4.1W/m*/K and 3.5W/m*/K for the CPC-PVT solar collector. These solar collectors were tested under steady
state conditions using the solar simulator facility at the University of Ulster’s Centre for Sustainable Technologies. The
FP-PVT and the CPC-PVT had a combined efficiency of 66.8% and 53.4% respectively producing both heat and power.
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1. Introduction

The Stern Report[1] has highlighted the rationale for the
deployment of low carbon technologies to stabilise global
greenhouse gas emissions at 550 ppm CO,eq[2]. Buildings
account for around half of the UK’s total carbon emis-
sions[3] and the usage patterns of these is directly related to
energy consumption. In the first quarter of 2010 domestic
and services sectors were responsible for 50% of total en-
ergy consumption within the UK[4]. In 2007, the UK gov-
ernment set a target to gradually improve the energy effi-
ciency and carbon performance of buildings to achieve a
zero carbon emission level for new homes by 2016[5]. Fur-
ther, the UK government intends to set zero carbon targets
for new non domestic buildings by 2019[6]. These stan-
dards are expected to assist the UK government signifi-
cantly in reducing CO, emissions from buildings and to
achieve the 2050 target of an 80% reduction in carbon
emissions compared to the 1990 baseline as set in the Cli-
mate Change Act 2008[7]. Typically solar energy conver-
sion technologies are used to generate sustainable thermal
or electric power. For example solar water heaters convert
incident solar radiation into thermal energy, which is
typically utilised, for domestic, commercial or industrial
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purposes (photo thermal conversion); solar photovoltaics
generate electricity (photovoltaic conversion) a hybrid of
these technologies is known as a solar photovoltaic-thermal
(PVT) collector. PVT solar systems combine photovoltaic
(PV) and solar thermal components into one unit with a
simultaneous provision of electric power and heat. It was
reported by Zondag et al (2002) that hybrid PVT systems
are more efficienct than conventional solar thermal or solar
photovoltaic collectors per unit area[8]. Similarly to solar
PV and solar thermal, PVT collectors can either have a pla-
nar or a concentrating geometry and theoretically any PV
material such as crystalline, polycrystalline, amor-
phous-silicon or non-silicon thin-film cells could be incor-
porated within a PVT collector. The electrical conversion
efficiency of PV cells decreases significantly with a rise in
their temperature above standard operating conditions,
therefore, cooling these is essential if the electrical conver-
sion efficiency is to be maintained. The additional benefit is
that low grade thermal energy is also generated from the
same area. Open circuit voltage and the short circuit current
are the most sensitive parameters to the rise in temperature
especially in the case of silicon cells. To avoid long term
damage to silicon cells their temperature should be kept
below 60°C. Thus such systems as described in this paper
would be ideal for preheating purposes and could be joined
with other solar collector technologies such as evacuated
tube solar water Heaters which are commercially available
if higher outlet temperatures are required forming a solar
cascade system. The rationale for the development of PVT
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systems is that in recent years the cost of silicon solar cells
has fallen rapidly and improvements in efficiencies have
also been realised, during the same time period the cost of
solar thermal systems has remained relatively static and
efficiencies have remained steady. If both technologies
(photovoltaic and thermal) are combined then both cost and
space saving’s would be the result. This paper describes the
fabrication of two PVT systems; one of these was based on
the simple flat plate solar water heater design (FP-PVT) the
other was a novel design of solar PVT collector incorporat-
ing Compound Parabolic Concentrating (CPC) collector
with a heat-pipe for removing solar gain from the absorber
plate (CPC -PVT). The CPC -PVT solar collector devel-
oped in-house used heat-pipe technology to remove excess
heat from the solar cells maintaining their efficiency as they
warm up. A heat-pipe based system was chosen as previous
research has reported that these are more effective in tran-
sient climates such as the UK[9]. Planar PVT systems have
been studied extensively experimentally and numeri-
cally[10-14]. Different absorber geometries were investi-
gated and a spiral flow design reported to have the highest
combined thermal-PV efficiency of 62%[13]. A planar PVT
system with rectangular channel absorber geometry
achieved a combined efficiency of 65%[14]. The total out-
put energy of a CPVT system depends on the solar energy
input, ambient temperature, wind speed, the operating tem-
perature of the PV cells and substrate and the heat extrac-
tion mode. Design decisions were made based on the con-
centrator type, coolant type & target thermal to electrical
yield ratio and the solar fraction for optimizing the opera-
tion of these systems. Building integrated systems also have
further requirements of light weight and compatibility with
the architectural details of the building elements but this
design consideration is outside the realm of this paper.
Cooling of the PV cells can be achieved by circulating a
suitable fluid, for example water, air, or a refrigerant
(heat-pipe) and the heat carried away by the cooling fluid
can be used for space and/or water heating. Up to a concen-
tration ratio (Cgr) of 10 the cooling scheme for the solar
cells can either be active or passive, but for the systems
with Cg>10 cooling has to be achieved using some active or
forced circulation of the cooling fluid. Passive cooling of
linear concentrators, CPC or V-trough, is complex and dif-
ficult to achieve due to a large area over which the PV cells
are placed and so the active cooling is required. Design of
absorber substrate to maximise the amount of heat trans-
ferred to the cooling medium (typically water or air) is a
prime requirement[15]. Clearly, the best cooling scheme
that will yield the highest conversion, electrical as well as
thermal, efficiencies is yet to be identified. Low concentra-
tion PV systems, linear Fresnel non-imaging systems (lens
or mirror based) and CPCs with planar reflectors, are more
viable for building integration allowing more light to travel
into the building interiors than the high concentration ones
whilst using absorption materials opaque to visible light. If
static these can be placed at any location on the buildings,
but in that case a very limited concentration ratio, Cg <2.5,

is achievable. Within the options for concentrators devices,
parabolic concentrators, Fresnel reflectors[16], compact
linear Fresnel reflectors[17], V-trough reflectors[18] and
CPCs[19-21] have been studied but still the best combina-
tion of solar concentrator type, cooling scheme and the PV
cell type to yield maximum conversion efficiency for a
range of geographical locations including the UK has yet to
be experimentally determined.

2. Methodology

To investigate the performance of solar PVT systems two
solar photovoltaic thermal collectors were fabricated, as-
sembled and installed alongside a commercial PV module.
The first PVT system had reflective concentrators with a
concentration ratio of 1.8, a heat-pipe from a proprietary
evacuated tube solar collector for heat removal, and the
whole system was incorporated within Styrofoam for light-
ness and to ensure excellent thermal performance by mini-
mising heat losses (k=0.04Wm™'K™"). The second PVT sys-
tem was constructed in a similar fashion to a flat plat col-
lector[22] using copper sheet and tubes for the absorber plate

Figure 2.1 shows a schematic diagram of the CPC -PVT,
figure 2.2 a photograph of the FP-PVT under construction.
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Figure 2.2. FP-PVT under construction

Polycrystalline solar cells with a short circuit current of
3.6A, an open circuit voltage of 0.555V and a maximum
power output (W,) of 1.8W, were adhered to the absobers
using a thermally conductive but electrically insulating
thiixotropic adhesive with a thermal conductivity of
1.58W.m'K ', [23]. Figure 2.3 shows a photograph of the
CPC -PVT with the solar cells adhered to the absorber. In-
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cident solar radiation was measured to an accuracy of 2%
using a Kipp and Zonen pyranometer model CMP6, tem-
perature measurements were made at the collector inlets,
collector outlets, and the ambient using class A platinum
resistance thermometers (accuracy+0.06°C). Temperature
measurements of the absorber plates, solar cells, rear of the
PV module and the risers were taken using t-type thermo-
couples.
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CPC reflector

Solar Cells Thermocouples

Figure 2.3. Side view of CPC-HP-PVT

Voltage and current for all three solar collectors were
measured using a multi-channel logger and calibrated using a

fluke multi-meter, and all values were recorded every minute.

The flow rate across each collector was the only parameter
not recorded by the multichannel logger this was measured at
half hourly intervals using a graduated cylinder (+1ml) and a
stop watch (£0.1s), three readings were taken, the mean mass
flow rate and the time of measurement recorded. The col-
lector water inlet temperature was maintained using a Julabo
bath[24], which can control temperatures to within +0.03°C.
The operating and test conditions outlined in[25] for testing
under a solar simulator were adhered to. The thermal output
and efficiency of the two PVT collectors was calculated
using equation 2.1 and equation 2.2[22], respectively.

Q. =mC,(T,-T) (2.1)
_mC(T.-T) 2.2)
7T 4G,

The electrical output of the FP-PVT, the CPC -PVT and
the solar PV module was calculated using equation 2.3 where
P is the electrical output (W), I is the measured current (A)
and V is the measured voltage (V). The electrical conversion
efficiency of the two systems was calculated using equation
2.4, where A, is the area of the collector aperture and Gy the
incident solar radiation (W/m?”) on aperture.

P=VI (2.3)

(2.4)

The total instantaneous output of both PVT collectors was
calculated by adding the thermal and electrical output and

the overall efficiency calculated using equation 2.5.
T P+Qy
= aexer 2.3}
The response of the collectors to a step change in radiation
was determined as follows; both collectors were allowed to
reach a steady operating state i.e. the outlet temperature

varied by no more than 0.05°C/minute, the collector was then

P
Nelectrical =ACXGT

covered until the temperature difference across it was zero i.e.

no energy was being generated and then removed and the

time recorded for the collector outlet temperature (7,) to
reach 63.2% of its original value before the cover was re-
moved.

3. Results

Figure 3.1 is a photograph of the three collectors being
tested under the solar simulator, table 3.1 is a summary of the
experimental results

Pyranometer

PV module

Figure 3.1. Experimental set up

Table 3.1. Results Summary

System FP-PVT CPC-PVT PV
Parameter

A, (m?) 0.45 0.25 0.12

Mean efficiency 0.67 0.54 0.07

Fr 0.64 0.48 NA

FrUL(Wm?K') 4.10 3.62 NA

The mean thermal efficiency of the FP-PVT and the CPC
-PVT collector was calculated using equation 2.2 as 59.4%
and 54.0% respectively for inlet temperatures (T;) ranging
from 22.8°C to 39.6°C. The thermal efficiencies of both col-
lectors were plotted as a function of (T;-T,/Gt) with the heat
removal factor Fy taken as the intercept of the y-axis and the
gradient of the line of best fit (collector heat loss coefficient,
FrUp), as shown in figure 3.2. The heat removal factor and
the collector heat loss coefficient for the CPC-PVT was
calculated as 0.473 and 2.29W m™ K respectively. The
FP-PVT collector had a higher heat removal factor and col-
lector loss coefficient calculated as 0.638 and 4.10 W m™> K
respectively.

The electrical efficiencies of both collectors under the
same conditions as those in figure 3.2 are shown in figure 3.3.
From figure 3.3 it can be seen that as the temperature dif-
ference between the collector inlet and ambient increases the
electrical conversion efficiency of both systems decreased.
The maximum electrical conversion efficiency of the CPC
-PVT and the FP-PVT was measured as 9.5% and 7.9%
respectively this was 2.5% and 0.9% higher than the PV
module used as a control
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Figure 3.2. CPC-HP-PVT and FP-PVT thermal efficiencies
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Figure 3.3. CPC -PVT and FP-PVT electrical efficiencies
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Figure 3.5. FP-PVT

From figure 3.3 it is observed that these values occurred
when the inlet temperature of the collector was operating at
or near the ambient temperature. Figures 3.4 and 3.5 show
the response time of the CPC-PVT and the FP-PVT respec-
tively to a step change in radiation as outlined in section 2

From figure 3.4 it is seen that the response time of the CPC
-PVT to a step change in radiation is much faster in com-
parison to that of the FP-PVT which can be observed in
figure 3.5. Within 7 minutes of the aperture cover being
removed the outlet temperature of the CPC-PVT had recov-
ered its original value and steady operating conditions were
resumed. It took more than an hour for steady state condi-
tions to be resumed in the case of FP-PVT.
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Figure 3.6. Temperature and efficiency of control PV module

Figure 3.6 shows the measured temperature and efficiency
of the small PV module which demonstrates that the elec-
trical and thermal efficiency of solar energy conversion from
PV modules could be improved by removal of excess heat. It
was observed that the efficiency of the PV module was re-
duced as the temperature increased, as shown in figures 3.4
and 3.5 this excess energy could be used to generate low
grade heat.

4. Discussion

As shown by the results presented in section 3 the CPC
-PVT had a lower thermal efficiency than the FP- PVT with a
heat removal factor of 0.488 compared to 0.638. The mean
electrical conversion efficiency was 7.8% which was 0.4%
higher than the value obtained for the FP-PVT and the
highest value of 9.5%was 1.6% higher than the FP-PVT
system. The advantages of using a heat-pipe absorber for
transient climatic conditions was observed from the step
change in radiation which simulates the overhead passing of
a large cloud. It was experimentally demonstrated that the
CPC -PVT system responded much more rapidly than the
FP-PVT system which took a lot longer to cool down and
heat up suggesting that in such conditions the CPC- PVT
would be a more appropriate choice agreeing with the re-
search published by[9].
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