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Thermal and Electrical Performance of Hybrid
Photovoltaic-Thermal Collector

A.A. Ghoneim*, M.Y. Aljanabi*, A.Y. Al-Hasar and A.M. Mohammedein*

Abstract —This paper presents the results of an experimental investigation of the thermal and electrical yield of a
combined photovoltaic-thermal collector in Kuwait climate. The combined photovoltaic-thermal collector is
constructed by connecting a conventional PV-laminate to the absorber plate of a conventional flat plate collector. The
proposed combination can offer economical advantages compared to a combination of separate thermal and
photovoltaic panels. Linear regression analysis was implemented to determine the thermal and optical parameters of
the combined collector. The performance measurements indicated that the combined photovoltaic-thermal collector
produces a higher yield per unit area than a conventional thermal collector. In order to predict the performance of
combined photovoltaic-thermal collector, a numerical model has been developed, consisting of an optical and a
thermal model. The well-known flat plate collector formulas have been modified to take into account the effects of
adding solar panels. The simulation results of the present work agree well with the experimental data.

Keywords -Combined PV-thermal collector, electrical efficignoptical efficiency, thermal efficiency.

1. INTRODUCTION

World energy demand has been significantly incréase

and the fluid. Also, the electrical yield of thelar cells is
influenced by the collector flow temperature.
Compared with the conventional collectors, the

the last years due to the world economic growth angdvantages of the hybrid system are: saving in espac

population increase, especially in developing coest
The potential for reduction of greenhouse gasessans
is an important issue for the wide spread of rereva

lower operating temperature, and the increase radv
efficiency with simultaneous electricity generatiamd
service water heating. Reducing the temperatutkeoPV

energy systems. Solar energy is a clean and refewabngdules to a lower level also increases the effediie of

energy source, which produces neither green-hofficet e
gases nor hazardous wastes through its utilizatidide
installation of renewable energy systems helpsgpkour
environment clean and healthy. A combined photavmit
thermal collector (PVT) is considered as one of st
interesting applications of solar energy. The ciomt
collector system consists of a photovoltaic laménttat
functions as the absorber of a thermal collectbr.this
situation, the PV panel operates more efficienthces it
operates at a lower temperature. The created cwmbi
device can convert solar energy into both eledtrécdal

the PV modules as well as stabilizing the curreitage
characteristic curve of the solar cells. The so#dls act as
good heat collectors and are fairly good selective
absorbers. In addition, in a hybrid PVT systemrtatural
or forced circulation of a heat removing fluid dae used
not only for PV cooling but also for heat genematitn
this way, the absorbed solar energy which is noveded
into electricity can also be utlized for thermal
applications.

There are many research works in literature carried
out in either thermal or photovoltaic collectorpaetely.

thermal energy and both hot water and electricity a However, in comparison, a little work has been done

produced simultaneously.

the combined system. Combined PVT systems have been

The combined photovoltaic-thermal collector (PVT)studied both analytically and experimentally byuaner
offers economical advantages compared to a combmat of researchers. Garg and Agarwal [1] studied a idybr

of separate thermal and photovoltaic panels. Tlaeee

system with its solar cells used in a compound lpaia

certain components as the supporting frame angoncentrator type collector operated in thermosgpho
transparent cover which are common in Fhermal .angystem. The actual optical and thermal performaofce
photovoltaic panels, but they are shared in combinepyT system has been presented in reference [2harTi

system. The integration of PV and thermal colledtbo
one system changes the characteristics of botleragst
The thermal yield of the solar collector is varied the

and Sodha [3] developed a thermal model of an iated
photovoltaic and thermal solar system.
Tripanagnostopoulloset al. [4] have examined

increased heat transfer resistance between therb@hso experimentally a hybrid system and found that the
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addition of a booster diffuse reflector increasé® t
performance of the system giving possibilities foore
interesting practical applications. The thermal elsd
accompanying these studies were basically for gtetade
analysis.

Jones and Underwood [5] pointed out that a steady
state model of the PV module temperature cannot be
justified during the periods of rapidly fluctuating
irradiance, when the response time caused by grenti
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mass of the PV material becomes significant. Cayent 2. EXPERIMENTAL SET-UP
and Lovegrove [6] carried out a study to compare th
value of electrical and thermal output from a domees
PV-thermal system. They concluded that the rattavéen

the value of electricity and thermal energy plays a

Itrr?epr?;:nst ;?Lemm minimizing the energy cost of tRY- crystalline silicon cells (Shell PowerMax Plus 5p the
y ’ absorber plate of a conventional glass coveredt st

A combined PV-thermal collector based on a . . .
. ube flat plate collector. A thin layer of silicadhesive

polymer channel absorber plate has been examiried [-%Nas used to paste the PV laminates into the absplae
Bakker et al. [8] studied a two absorber PV thermal P plee.

collector. Thermal modeling of a combined system of Glass cove |
photovoltaic thermal (PV/T) solar water heater was Air gapg----

carried out [9]. Asteet al. [10] developed a model to  pv<---{lililill

predict the thermal and electrical performance ®fTP

A schematic diagram of the combined photovoltaic-
thermal collector configuration chosen for the prgs
study is presented in Figure 1. The hybrid systeas w
constructed by pasting a PV laminates containingtimu

collector. Their model can be utilized for any sktesign
and operational parameters for evaluating the padace [ S S
of PVT air collector. Adhesive |-

Coventry [11] measured the performance of a
parabolic trough photovoltaic/thermal collector lwig
geometric concentration ratio of 37 wherein a tre@rm
efficiency around 58% and electrical efficiency w@nd
11%, therefore a combined efficiency of 69% hasnbee The combined system was then integrated into the
recorded. Chovet al. [12] constructed an aluminum-alloy test rig installed on the roof of the main buildiagthe
flat-box type PVT collector for domestic water hiegt College of Technological Studies, Kuwait. The ociide
purpose, with its fin efficiency equal to unity. dihtest test facility consists of a solar collector, staaank of
results showed that a high hot water temperaturthén 100 liters capacity, cross flow heat exchanger stant
collector system can be achieved after a one-dpysexe. temperature circulator and a circulator pump toroeee
They concluded that this equipment is capable ofhe pressure resistance of the system. Severatatom
extending the PV application potential in the dotieelsot ~ valves were fitted in the pipeline to define thewl
water applications. direction and a control valve was used to regulaefiow

A hybrid solar system with high temperature stage irate through the circuit with the aid of a valvetlie pump
described in [13]. The system contains a radiatioly-pass line. Filters, pressure relief valve ancgrbleed
concentrator, a photovoltaic solar cell and a kegine or valve were also included in the circuit.
thermoelectric generator. The possibilities of gsin The closed-loop circuit was equipped with both a
semiconductor materials with different band gapugal cross flow heat exchanger and a constant temperatur
are analyzed. Their calculations showed that topgeed circulator, to control the inlet fluid temperatute the
hybrid system is practical and efficient. collector. The Haake (model DC50) heating/cooling

Assoaet al. [14] developed a simplified steady-statecirculator is capable of supplying water at op@mGti
two-dimensional mathematical model of a PVT bidlui temperature ranges from —50 to 2@ with accuracy of
(air and water) collector with a metal absorberefha +0.01°C. The heat exchanger was used for low inlet fluid
parametric study is undertaken to determine theceidf temperature experiments.
various factors such as the water mass flow rate¢hen The solar collector has an aluminum frame of
solar collector thermal performances. 2x1x0.1 m and was inclined 3®n the horizontal. The

Tripanagnostopoulos [15] presented a new type ofollector is constructed from 0.5-mm thick copper
PVT collector with dual heat extraction operati@ither  absorber plate coated with black paint. Eight copplees
with water or with air circulation. This systemdaitable of 12.5-mm outer diameter were distributed and ledntd
for building integration, providing hot water orrai the absorber plate. These tubes were between tpmeco
depending on the thermal needs of the building. Th@eaders made of 42 mm outer diameter. The bottain an
modified dual PVT collectors achieved a significantsides of the collector were lagged by thermal iaoih of
increase in system thermal and electrical energyusu 40-mm thickness to reduce back and edge heat lo&ses

The present work investigated the thermal andlear white, low iron glass sheet of 6-mm thick wsed
electrical yield of a combined photovoltaic-thermalas a cover with an air gap of about 60-mm thickrefs
collector in Kuwait climate. The collector test g between the absorber plate and the glass cover.
installed at the College of Technological Studi€gwait The solar panels consist of 72 encapsulated multi-
was adapted to carry out the present measuremients. crystalline silicon cells with a low iron glass fitoand can
addition, a numerical model is implemented to satell generate a peak power of 100 watts. The air gapeset
the performance of the combined collector. The wellthe PV laminates and the outer glass cover ofltigfate
known Hottel and Whillier [16] flat plate collector collector is approximately 20 mm. A set of resisem
formulas have been modified to take into accoum thwere used to measure the current-voltage charsiitsrof
effects of adding the PV modules. the solar panels. The electrical output of the Rwigbs

were connected to a data acquisition system.

Insulation Water flow Absorber
Fig. 1. Schematic diagram of PVT collector.
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The intensity of the global and diffuse solar réidia  collections were started. The data acquisition esyst
incident on the collector surface (3Qilted) were records all readings of ambient, fluid and plate
measured and recorded by two Eppley Precision Bpect temperatures, flow rate, and global and diffusearsol
Pyranometers (PSP model) connected to the datatensity every minute. Each experiment continued90
acquisition system. The pyranometer used to medhaere minutes, after that the inlet fluid temperaturecienged
diffuse solar radiation was fitted with a shadiimggrsuch and a new experiment is started until the set oris
that the detector is shielded from direct solaiatimh to  completed for this arrangement. It should be memeiib
measure the diffuse radiation only. During testse t that the experiments were performed before noon and
diffuse radiation was made sure to not exceed 2D%e0 repeated after noon to provide similarity arounel solar
total radiation incident on the collector surfat][ noon. This would minimize the collector heat capaci

Three standard resistance thermometer detectoedfect [19].

(RTD-PT100) were used to monitor the surrounding The collected data were examined to ensure that it
ambient temperature, inlet and outlet fluid tempees of presents quasi steady state conditions accordintheo
the collector. This guarantees high accuracy fars¢h recommendations outlined by ASHRAE [17]. Then, the
critical temperatures. It is to be noted that tHéDRsensor concluded data were divided into test periods, eaich

of the ambient temperature is shaded from direct anwhich is 15 minutes (more than double the colletioe
diffuse solar radiation. Ten pre-calibrated type-Kconstant). The yield of the collector is defined the
thermocouples were distributed on the absorbeeiat amount of useful energy produced by the collector.
determine the longitudinal and transversal tempeeat Knowing the inlet (7)) and the outlet fluid (J)
distribution. Another thermocouple of the same tyss temperatures and the mass flow rate of V\(m) the
used to measure the glass temperature. All temperat |,caf| energy (Q gained by the collector can be

sensors were connected to the data acquisitioerayst represented as:
The water flow rate through the collector was
measured using a turbine meter suitable for 0.25to Qu=mc, (T,-T;) 1)

liters/min with accuracy of 3%. The flow meter was ) N _ )

outfitted with both digital display and analoguetput of ~ Where g is the specific heat of the working fluid.

0-5V, which is connected to the data acquisitiostesy. On the other hand, the collector thermal efficiency
A data acquisition system (Keithley Model 2700Was defined as the yield divided by the amountadérs

Multimeter/Data Acquisition) capable of recording 4 €nergy received by the collector. So, the collettermal

channels was used to record the instantaneou8m) and electrical efficiencyney) can be expressed by

measurements of solar intensities, fluid tempeestur the following equations:

ambient temperature, flow rates and electrical atutgf

the PV panels. The data acquisition system has a N = Qu — mcy (Tout = Tin) @
resolution better than 0.0Q for thermocouple readings th ACG ACG
and for 4-wires RTD readings.
_ Vinplmp
3. EXPERIMENTAL PROCEDURE Tev="AG )

A number of initial tests were performed first tcaenine
the durability and reliability of the collector agst
extreme conditions. These tests were static pressst,
high temperature stagnation test, thermal shockfwat
spray test and collector time constant test. Sests twere
performed according to the certification of opeati
issued by Florida Solar Energy Center [18].

The experimental work incorporates measuring the  npy =N [1-HW(Tpy - Trer)] 4)
performance of both the conventional flat plateasol
collector and the performance of the combined PvwWhere nes and T are the efficiency and the cell
collector. The experiments were carried out fasbgl temperature at a reference condition gnds the PV
solar radiation between 650 and 1000 W/wn a 30-  efficiency temperature coefficient.
tilted collector surface with average ambient terapees The amount of solar energy absorbed by the
from 30 to 40C. The water flow rate of all the combined collector (Q is reduced since the electrical
experiments ranges from 1.25 to 2.0 kg/min andittet ~ €nergy is extracted from the solar cells. The &iteait
water temperature is changed from around the armbiegfficiency, which is a function of the temperature,
temperature up to 8C in 10C steps. subtracted from thg .transm|55|on-abs.orpt|on cdefiiicto

The experimental procedure was started by flushin§nd the thermal efficiency of the hybrid collector
the system. Then, the system was filled with watet the (T, -T,)
flow rate was adjusted to the required value. The Ny =Fg (ta-py) —F ULT 5)
predetermined inlet fluid temperature was fixechgsihe
cross flow heat exchanger and the constant temperat whereta is the transmittance-absorptance produgtisT
circulator. The solar collector was allowed to fonover  the ambient temperature, Wverall heat loss coefficient
30 minutes (about 5 times the collector time camjttd  andnpy is the PV efficiency. The heat removal factag)(F
achieve quasi-steady-state conditions before thga da

where A is the combined collector area,)and |,, are
the voltage and current at maximum power point @nd
the global radiation on the collector surface.

In the present model, the photovoltaic conversion
efficiency is modeled as a linear function of thell c
temperature (#) in the form:
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was calculated from the well-known Hottel-Whillier be represented by a set of heat energy balancei@mia
equations [19]. The heat removed by the water Y@ given by:

4. THEORETICAL MODELS Qu =Qpvp -Qba (7

Two models were required to determine the perfooaan Where Qy, is the heat flow from PV cells to the absorber
of the combined PVT collector. The first model is a plate, and @ is the heat transferred from collector back
optical model and is required to determine how muclio the ambient. Since an adhesive layer is usedraect
irradiation is absorbed by the PVT collector. Thmical the PV laminate to the absorber, then the heasfean
model was used to calculate the transmission-atenrp between the PV cells and the absorber can be esqutes
coefficient of the PVT collectort@) and this value was aS:

then inserted as a constant into the thermal moide. Qovo = hoys (Toy = T.) ®)
second model is required to determine the heatsflow Pvp— TTPVP TPV Tp
within the PVT collector. Qba=Noa (T, = Ta) ©)

Optical Efficienc
P y where R, and ky, is the heat transfer coefficient from

The optical model adapted for the present studya@ed collector back to the ambient and from PV laminate
on the net radiation method. The net radiation w@th absorber plate, respectively.
solves the energy flux balance at each interfac¢hén The heat energy balance at the different layetbef

PVT collector configuration. The values for the combined photovoltaic thermal collector also gives:
coefficients of reflection are determined from thell

known Fresnel equations. This method is appliealltthe Qpvp = (T0-TpyNpy )G -Qpyg (10)
interfaces in the PVT collector which generateset o

equations that is can be solved by matrix meth8isce Qpvg = Qconva + Qrada (11)
both the coefficient of extinction (K) and the imdef

refraction (n) depend on the wavelength, the eqoatare Qconva * Qrada = Qg (12)

solved for each wavelength interval separately tgh

integrated over the solar spectrum. The present Qgt = Qoonvs + Qrads (13)
calculations are based on the assumption of specula 4 4 4 4
reflection, so diffuse reflection is not taken into Qrads = Fssgo(Tgtup_Ts)+F8890(TQIUP_Ta) (14)
consideration. B

However, the PV laminate introduces more Qeonvs=Mw (Tgrup = Ta) (15)
complication to the problem as the PVT laminatesdoet -

i 3 PV

present a homogeneous gurface but consists ofrehtfe Qrada:g—o-(TéVg _Tgtdown) (16)
parts. These parts are active PV area, the tapagnd the €q TE€py ~EgEpy
spacing between the cells. For each part, the fatuga) —h (T T 17
was calculated separately and them)(of the entire PVT Qeonva™ Na (Tevg ~ Totdown) 17
collector was evaluated by taking the average efeh K
values, weighed with the respective surface argﬁbe vag: n g9 (TPV_TPVg) (18)
average value oft¢) was found to be approximately Xpvg
equal to 0.68. The average value wf)(was then inserted K
|nt9 _the thermal mod_el to calculate the overallrmed Qg = g (Tgtdown = Torup) (19)
efficiency of the combined collector. AX g
Thermal Efficiency All  previous notations are defined in the

The thermal model is a steady state model based dfpmenclature. , ,

solving the heat balance equations for all theraje the The thermal resistance of the different Iayers of
PVT collector. The average value of the transmégan material between the solar cells and the coppesrbbsis
absorptance productd) which is 0.68 was then inserted minimized by using highly conductive glue. Th_e heat
into the thermal model. The electrical efficienahich is transfer coeff|c_|ent () was calculated by measuring the

a function of the temperature, is subtracted frdm t temperature difference between the glass surfactheof
transmission-absorption coefficient to find the rthal solar cells and the absorber. The average absorber

energy that was absorbed by the system. So, theramb gen;ps rc?_ture f @ vxllas lC; Icmiated frqm Iule :]er_nperature
solar energy absorbed by the combined collecta) (© Sl PN (Y B SRS O B
reduced since electrical energy is extracted frioensolar P 9y q

cells. Thus, one can obtain the amount of abscebedgy ?hbt?r? thelunlfjnolwnt Fenllper?tures requflrg(\j/_;c:mc‘ijeth
that contributes to the thermal yield as: € thermal and electrical performance o €

Qu =GA, (10 -Tpy Npy) (6) 5. EXERGY EFFICIENCY

The transmittance-absorptance product) ( was The overall performance of PVT can be evaluatedhiey

assumed to be the same for the absorber plateharigt ~ first law efficiency pvr) which is equal to thermal and
cells. The heat flows through the combined collecan  €lectrical efficiency. Thermal energy cannot pragluork
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until a temperature difference exists between ah higemission factors and conversion efficiencies ofiotar
temperature heat source and a low temperaturesivdgt fuel types [23] are input to the model in each cade
whereas electrical energy can completely transfortm  model can calculate the G@mission reduction for each
work irrespective of the environment. So, the fmstv  reference fuel type.

efficiency is not comprehensive for evaluating ®T

overall performance. ExergyU{pyr ) is defined as the 7. RESULTSAND DISCUSSIONS

available energy obtained by subtracting unavalabl
energy from total energy and is equivalent to tharkw
transformable. The use of exergetic efficiency ¢seclaw
efficiency) thus enables qualitative evaluation R¥WT
overall performance by comparing electrical andte
energy based on the same standard. The overaljyene
efficiency of PVT collector assuming a thermal
conversion factor of 0.38 is given by [20]:

The experimental results are presented in fornrgraphs
that present the collector efficiency variation iagathe
reduced temperature parameter —TDH/G. All the
presented data grant a quasi steady state for &mth
period (The test period is the duration in which dé&ia
points are averaged and shown as a single poitién
presented results). This is confirmed by the fdmit,t
within the test period (15 min), the maximum vddas in
ambient, inlet and outlet temperatures a6e5 °C, +0.1

Npvt = dev Nt (20)  °C and+0.3°C, respectively, while in global radiation is
0.38 +16W/nf. Also, diffuse radiation did not exceed 15% of
The exergy efficiency is defined as the ratio dfto global radiation in any experiment [17].
exergy output to total exergy input [21]. The exerg To examine the reliability of the present developed
efficiency of PVT collector {py7) can be expressed as numerical model, the calculated performance of the
[21]: combined PVT is compared to the corresponding
performance obtained from the experimental data.tf®
Wyt =Npy + N [1- T ] 21) sake of clarity, the linear curves only obtaineshirlinear

regression analysis of the experimental data asepted

in Figure 2 along the theoretical values. The valoé
Fr(ta) and RU_ for PVT collector obtained from
measurements are 0.55 and 5.8 which agree welltiith
values of 0.58 and 6.0 predicted by the theoretiuadiel.
The amount of fossil COemission avoided by using a The results clearly confirm the reliability of thpesent
renewable resource instead of a fossil fuel powenumerical model as the theoretical predictions agvell
generation technology depends on the fossil fuys¢ that with the experimental data. The maximum difference
is avoided, and on the conversion technology used tetween the two predictions is less than 5%.

make the power from that fossil fuel. Replacingighlr

CGO, emitting plant with a lower or non G@mitting plant 0.8
results in decreased G@ddition to the environment. This
difference in the amount of G@mitted is referred to as
CO, avoided emission. The GOemission avoided is
generally defined as the difference between emissio
generated by conventional systems and emissions 05

o
To +(T-Ta)

6. ENVIRONMENTAL LIFECYCLE
ASSESSMENT

0.7 — — Experimental
r  ——————— Model

generated in the production of the PV system dverlife o
time of the system (25 years). A theoretical modeb ~ o4
developed to calculate the g&voided emission achieved =
by using combined photovoltaic-thermal collectostsyn 03
to satisfy the needs of a family in a typical KutivAbuse 02
from domestic hot water load and electricity conptiom
(lighting and household appliances). 0.1

Emissions generated in the production of the PVT - | | |
system are much less than the emissions generagted b 00 ' ' ' '

0.00 0.02 0.04 0.06 0.08

conventional systems and can be neglected [22thén )
present analysis, avoided g@mission (k) (in tonne (Ti-Ta)/G  (M”K/W)
CO,) is mainly the C@ emissions which generated by Fig. 2. Calculated and measured PVT efficiency.
conventional systems and can be expressed by the 14 gygjuate the performance of the combined PVT
following expression: collector, its performance was compared to the
Ea=Pyx Fe (22) performance of the conventional thermal colleckagure
3 shows the variation of thermal efficiency witheth
reduced temperature parameter —(5/G for the
conventional thermal collector and the combined PVT
collector. The average points of the experimengdih cire
shown in the figure. The scatter of the data arotied
straight line is mainly attributed to the angleiméidence
variations, wind speed and the dependence obiJthe

where B is the power generation (kWh) and 5 the
plant emission factor (tonne GZkWh).

To perform CQ emission reduction analysis for the
PVT system, one needs to define the baseline (abed
base case or reference case) electricity systetanGis
will simply imply defining a conventional systemdits
associated fuel (oil, natural gas, coal). The défau
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plate temperature. Also, the variations of the tieda 07
proportions of beam, diffuse and ground reflective -
components of solar radiation are participatinghie data 0.6
scattering, so scatters in the data are expected.
05
08
r ® Thermal Collector —~ 04
07 & PVT Collector L
06 = 03
05 0.2
/I'\
~— 04 01
oy
03 00 P IR R S
0.00 0.02 0.04 0.06 0.08
02 (Ti TG (M2KMW)
0.1 Fig. 4. Thermal efficiency of PVT collector with and
without PV power output.
00 . | . | . | .

The photovoltaic efficiencyney) is calculated from
the measured voltage over a set of standard resesa
The 1-V characteristics of the PV laminate atG5and
25°C is presented in Figure 5. The figure clearlysiltates

Linear regression analysis was adapted to fit théhe effect of cooling on the photovoltaic outpuicrieasing
experimental data to linear curves for both cashe.line the cell temperature decreases the open circutagel
intersection with the y-axis gives Ea), while the value (Voo That is can mainly attributed to the diode reeer
of the parameter J&, is equal to the slope of the line. saturation current which increases exponentiallyhwi
Table 1 presents the values of the parametg(sof and ~ temperature [24]. So, the most significant effetttie
FrU, for both combined (PVT) and conventional thermalPVT collector is the cooling effect for the solals. This
(T) collector along the variance {Robtained from the fact puts an upper limit on the system temperatwtech

0.00 0.02 0.04 0.06 0.08
(Ti TG (M2K/W)

Fig. 3. Comparison between PVT and T collector.

regression analysis. must be considerably lower than the desired cell
temperature. Thus the PVT collector can be used
Table 1. Thermal efficiency parametersfor collectors. successfully in systems that demand a relatively lo
Collector Fr(Tat) FrU, R? operating temperature as domestic hot water systems
PVT 0.55 5.8 0.96
T 0.67 8.3 0.97 51
The value of RU, of PVT collector was reduced by T A, @y -2sc

about 30% compared to the value of conventionahthaé A Tpy=95C
collector. On the other hand, the optical efficierd the
combined collector is reduced by about 18% onlyeseEh
results show the significant improvement accomplish
when using combined photovoltaic thermal collector.

It is worth to mention that the effect of optical
efficiency is dominant at low temperature differenc
whereas the effect of heat loss is important ath hig L

=N
l

Current (A)
T

temperature difference. Thus, the efficiency of the 2
combined collector is better than the efficiency tbé -
conventional thermal collector particularly at mediand 1~
high temperatures. On the other hand, the conveaitio r
thermal collector gives better efficiency for liet low 0 — ! atle
temperature range. 0 S w0 s20 25 30
The relative effect of PV electrical output np was Voltage (V)
examined by running PVT system with the PV modites Fig. 5.1V characteristics of PV laminate at different
an alternating on/off cycle. The resulting thermiagrgy is temperatures.
plotted versus reduced temperature as shown irrd-igu A comparison is carried out between the energy

Figure indicates that extracting electrical enefrgyn the  efficiency (first law) and exergy performance (sedo
PV panels reduces the solar energy absorbed by th@wv) to study the effect of different parameters toe
combined collector, and consequently reduces téemtal  overall performance of PVT collector. As an exagnphe
efficiency of the combined collector by approximigte ariation of overall energy efficiency)fyr) and overall
12% as predicted from the figure. exergy efficiency Ypyr) with solar radiation is presented
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in Figure 6. It is obvious that the increase inasol The accurate analysis of the total avoided emission
radiation leads to a decrease in overall energgieficy for PV systems, should take into account the ewnissi

but at the same time it leads to increase in ovesargy generated in the fabrication phase of the PVT sgyste
efficiency of the combined PVT collector. In gerleieis  components. The GGemission rate from PVT systems is
observed that if a parameter change is favorableéf® much lower than the CQemission rate from conventional

thermal exergic efficiency, then it is unfavoralite the utility and can be neglected.

photovoltaic exergic efficiency. The variation of annual avoided @@mission with
tilt angle is presented in Figure 7. The figure iaga
o7 0.17 illustrates that the optimum tilt angle which makies the
—®&  Energy Efficiency avoided CQ emission is 25 At this optimum angle, the
——~&@—— Exergy Efficiency . . . . .
— 0.16 avoided CQ emission is approximately equals to 1.4
06 [ tonne/year which confirms the environmental impaafts
_o1s the PVT collector.
I\-
n I\. , — 145
E 0s a “Tow &
g . = L
ey
013 s
=
04 — >
=
— 012 S
) A O N B P é
0 100 200 300 400 500 600 700 800 900 1000 w
G (Wim2) £
Fig. 6. Variation of overall efficiency with solar radiation. 8“
The uncertainty analysis shows an experimentaterro 3
of about 0.8, 1.3, 2.4, 3.4, 3.9 and 5.1% fRUF Fs(1a), 2
. >
MY Mev), @Mpvr), and (Qevr), respectively. The <

uncertainty analysis for the experimental data ata B
that the optical efficiency tf) is more sensitive to
experimental error than the heat loss coefficient, The
total experimental error for the collector thermal Array Slope - Latitude (degrees)
efficiency ;) and the photovoltaic efficiencyngy) is Fig. 7. Avoided CO, emission variation with array slope
calculated based on the calculation of the combareor (azimuth angle=0).
from all measured parameters. B o

The recovered heat energy from the hybrid PVT In addition, the_z costs dge to the appll_catlon o th
collector is assumed to satisfy the needs of alfaimia  KYoto Protocol, which penalizes the emissions afegr
typical Kuwaiti house from domestic hot water lomad ~house effect gases, fundamentally £€hould be added
electricity consumption  (lighting  and householgto the costs of conventional energy resourcespiie Is.')f
appliances). Assuming a figure of 40 liters/perday/ the ~the fact that Kyoto Protocol is not currently apgliin
hot water demand is 280 liter/day. The electricaldlin ~ Kuwait, however considering application of this el
the house is the total energy consumption in theséo will enhance the economical and environmental aspafc
The computer program is provided with an estimate o VT systems much more.
typical loads encountered in the house. The twoysto
house consists of two living rooms, six bedroomsing 7. CONCLUSIONS

room, two kitchens and a set of household applEnces pyv |aminate has been pasted on the absorber of a
(refrigerator, kitchen machine, vacuum cleaner).e®n  conventional thermal collector to construct a camedli
hourly load schedule, which repeats each day, itsewrto  pyT collector. The combined PVT collector was
a file to be called during calculation. The prograsn integrated on a test rig to examine its performance
provided with an estimation of the number of hotltat  numerical model was developed to verify the experital

the load is used during a typical day for each Bbakl  results obtained. Based on the present results, the
appliance. following conclusions can be drawn out:

Different photovoltaic-thermal collector slopes and,  The available solar energy for the thermal system i
azimuth angle were studied to maximize the annual | gequced since a part of the incident radiation is
energy generated by the_ combined PVT system. The  converted to electricity by the PV cells.
maximum energy generation from the combined PV the pyT collector reduces the heat loss coefficient

o T T T T T B
25 20 -15 -10 -5 0 5 10 15 20 25

collector corresponds to a collector slope of ZKuwait significantly and this reduction is more important

latitude-5) and facing south (azimuth anglex0 than the loss in optical efficiency.

Maximum energy production at angles less than iogat . The performance of the PVT collector is better than
latitude is coincident with the fact that more sataergy that of conventional one due to the lower heat loss

is available in summer than in winter in Kuwait. coefficient.
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Extracting electrical energy from the PV panelsT
reduces the thermal efficiency of the combinedT,
Te
Maximum energy generation from the PVT collectorTp,

collector by approximately 12%.

corresponds to a collector slope of°28Kuwait
latitude-5) and facing south (azimuth anglé¥0
The combined PVT collector produces a higher yield
per unit area than a thermal collector and a PV
laminate placed next to each other.

TPVg
Tref

UL
The PVT collector can be used successfully inVmp

collector outlet temperaturé)

reference ambient temperature (K)

absorber average temperati@)(

solar cell temperaturé@)

temperature of the PV glas<)

temperature of PV cell at reference temperature
o)

sky temperature (K)

overall heat loss coefficient (WAK)

voltage at maximum power point (V)

systems that demand a relatively low temperature B eek Letters

domestic hot water systems.
At the optimum conditions, an avoided ggnission

which confirms the environmental impacts of theg,
PVT system.
Exergy is a useful tool which can be used in th

assessment of overall performance of hybrid PVT,7ref

collector.
i

evt
Wpvr
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épy
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