Systematic testing of hybrid PV-thermal (PVT) solar collectors in
steady-state and dynamic outdoor conditions

Ilaria Guarracino®, James Freeman?®, Alba Ramos?®, Soteris A. Kalogirou®, Nicholas J. Ekins-Daukes®,
Christos N. Markides®*

%Clear Energy Processes Laboratory (CEP), Department of Chemical Engineering, Imperial College London
b Department of Mechanical Engineering, Cyprus University of Technology
¢Blackett Laboratory, Department of Physics, Imperial College London

Abstract

Hybrid photovoltaic-thermal (PVT) collectors have been proposed for the combined generation of electricity
and heat from the same area. In order to predict accurately the electrical and thermal energy generation from
hybrid PVT systems, it is necessary that both the steady-state and dynamic performance of the collectors is
considered. This work focuses on the performance characterisation of non-concentrating PV'T collectors under
outdoor conditions. A novel aspect of this work is the application of existing methods, adapted from relevant
international standards for flat plate and evacuated tube solar-thermal collectors, to PVT collectors for which
there is no formally established testing methodology at present. Three different types of PVT collector are
tested, with a focus on the design parameters that affect their thermal and electrical performance during
operation. Among other results, we show that a PVT collector suffers a 10% decrease in thermal efficiency
when the electricity conversion is close to the maximum power point compared to open-circuit mode, and
that a poor thermal contact between the PV laminate and the copper absorber can lead to a significant
deterioration in thermal performance. The addition of a glass cover improves the thermal efficiency, but
causes electrical performance losses that vary with the glass transmittance and the solar incidence angle. It
is found that the reduction in electrical efficiency at large incidence angles is more significant than that due
to elevated temperatures representative of water-heating applications. Dynamic performance is characterised
by imposing a step change in irradiance in order to quantify the collector time constant and effective heat
capacity. This paper demonstrates that PVT collectors are characterised by a slow thermal response in
comparison to ordinary flat plate solar-thermal collectors, due to the additional thermal mass of the PV
layer. A time constant of ~8 min is measured for a commercial PVT module, compared to <2 min for a
flat plate solar-thermal collector. It is also concluded that the use of a lumped, first-order dynamic model to
represent the thermal mass of the PVT collector is not appropriate under certain irradiation regimes and may
lead to inaccurate predictions of the system performance. This paper outlines a procedure for the testing and

characterisation of solar collectors, provides valuable steady-state and dynamic performance characterisation
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data for various PVT collector designs, and also provides a framework for the application of this data in a
system model to provide annual performance predictions in a range of geographical settings.
Keywords: hybrid PVT collectors, solar collectors, collector performance analysis, experimental

characterisation of solar collectors, dynamic modelling

Nomenclature

Symbols
A Area, m?

ai,az Collector heat loss coefficients, W/(m? K), W/(m? K?)

Q

Effective heat capacity, J/K

o

Specific heat capacity, J/(kg K)
Pipe diameter, m

Electricity, J

Solar irradiance, W /m?

Local heat transfer coefficient, W/(m? K)
Current, A

Thermal conductivity, W/(m K)
Mass, kg

Mass flow-rate, kg/s

Electrical power, W

Weighting factor, -

Thermal energy, J

Thermal power, W

Thermal resistance, m? K/W

N IO OT IS TN QEU

Temperature, K or °C
PV reference temperature, K or °C

Mean collector temperature, K or °C

Time, s

g

Reduced temperature, m? K/W

S

Overall heat transfer coefficient, W/(m? K)
U Uncertainty, -

Uny Wind speed, m/s

% Voltage, V

x,y,z Cartesian coordinates

Greek Symbols



e Absorptance
I} PV temperature coefficient, K1
6 Thickness, m
€ Emissivity
Efficiency, -
o Stefan-Boltzmann constant, W/(m? K?)
T Transmittance, -
0 Incidence angle, rad
Subscripts
0 reference conditions
A area related
a ambient
AB absorber
avg average
b bonding
¢ collector
CD conduction
d daily/diurnal
E electrical
exp experimental
f fluid
g glass
gap air gap
i inlet
meas measured
o) optical
o outlet
oc open circuit
P pipe
pred predicted
PV photovoltaic/photovoltaic layer
sc short circuit
t tank
TH thermal
wt weighted-component method



1. Introduction

Non-concentrating solar photovoltaic (PV) panels are a mature technology that is highly suitable for the
distributed generation of electricity in the built environment, while solar-thermal (ST) collectors can provide
thermal energy for a diverse range of applications from domestic hot water and space heating in homes to
thermodynamic engines, refrigerators and heat pumps [I]. More recently, “hybrid” PV-thermal (PVT) col-
lectors have also been proposed, which combine PV modules with a heat-recovery configuration in order to
provide simultaneous electrical and thermal outputs from the same array area [2]. The thermal, electrical
and economic performance of PVT systems has been found to be highly dependent on various design and
operational considerations such as materials and geometry [3], mode of circulation [4], relative sizes of the
PV and thermal absorber areas [5], and required temperature and application of the thermal output [6]. In
order to predict accurately the performance of solar-thermal or hybrid PVT systems with respect to their
potential to provide heat, cooling and/or electricity, the collectors must be characterised in terms of their
steady-state and dynamic performance [7].

Appropriate testing methods for conventional solar-thermal collectors, such as those decribed in the
European Standard EN 12975-2 [8], are well established in Europe. Performance data are published as
standard by manufacturers and testing institutions and are freely available for comparison via various online
resources such as the Institute for Solar Energy (SPF) database [9]. By comparison, the PVT market is
relatively small at present and test data that can be used for developing and validating predictive models for
these collectors is scarce.

Recently, several authors have focused on the experimental characterisation of PVT collectors to obtain
reliable data on their operation and performance. Generally the experimental investigations into PVT collec-
tors are performed to evaluate the effect of various design parameters on the thermal and electrical efficiencies
with the aim of identifying the potential for improvements. Most investigations to date have been performed
on unglazed PVT liquid collectors.

Cremers et al. [10] investigated the potential improvement of the thermal contact between the PV module
and thermal absorber in a plastic design, while also reducing thermal losses with rear shielding. Kim and
Kim [II] investigated the thermal contact between the PV module and rear absorber for a fully-wetted
absorber configuration and for a more conventional sheet-and-tube collector. The same authors also evalu-
ated the potential reduction of the heat loss coefficient achieved with a glass cover [12]. Lammle et al. [13]
recently investigated the effect of the solar cell emissivity on the thermal efficiency of a glazed PVT panel by
applying a selective coating on the solar cells. The selective coating was found to reduce the heat losses by
80% while the electrical output dropped by only 3%. In another effort to improve thermal efficiency and to
enhance the active cooling of the solar cells, the use of high-conductivity nano ferrofluids was proposed by
Ghadiri et al. [14], while silica/water nanofluids were used in the experimental investigation by Sardarabadi

et al. [I5]. It was demonstrated that the use of these fluids results in an improvement of the thermal efficiency



of 4-5% relative to water.

The aforementioned studies focus predominantly on the steady-state collector performance, however, the
dynamic behaviour of solar-thermal and PVT collectors has an important bearing on their performance un-
der time-varying irradiance conditions, the extent of which may vary across different geographical locations.
EN 12975-2 includes both an experimental and a calculation-based procedure for characterising the dynamic
performance of solar collectors through the determination of an effective thermal capacity parameter. The
calculation-based procedure is typically preferred in practice due to its greater simplicity, although its ac-
curacy has been a matter of critical discussion in subsequent reviews [I6]. The experimental procedure,
on the other hand, requires suitable conditions when performed outdoors and can therefore be costly and
time-consuming [17].

The aim of the present paper is to establish a procedure for the testing of PVT collectors under real weather
conditions in steady-state and dynamic operation, and to identify the main design and operating parameters
that influence the electrical and thermal performance. Glazed and unglazed PVT collectors are tested and the
effect of the glass cover and the quality of the thermal contact between the PV module and the rear absorber
is analysed. The effective thermal capacity parameter obtained using the experimental and the calculation-
based procedures in EN 12975-2 are compared. The accurate prediction of solar collector behaviour is
of fundamental importance for ensuring that the system is designed properly and does not underperform
or fail; while improved models of PVT systems are required for optimisation of the design and operating
parameters in order to achieve higher electrical and thermal energy yields and increased energy savings. It is
demonstrated here that hybrid collectors are characterised by a large thermal mass that should be considered
when modelling the system in order to provide an accurate prediction of the thermal performance under
time-varying irradiance conditions. In what follows, the experimental methods are described in Section [2]
and the results of the PVT collector characterisation tests are presented in Section [3] Diurnal performance
data for the various PVT collectors are evaluated in Section [d and compared to simulations performed using
a simple lumped first-order dynamic model and a more detailed three-dimensional dynamic collector model

developed in earlier work. Finally the conclusions are presented in Section

2. Experimental methods

Tests were performed on four PVT collectors, each of a different design and construction. The collectors are
shown in Fig. I} and are described as follows: a commercial PVT module (M1); an unglazed PVT module
with 65% PV covering factor (M2U); a glazed PVT module with 65% PV covering factor (M2G); and a glazed
module with 100% PV covering factor (M3). The majority of the tests were performed on a custom-built
apparatus (described below) at the Cyprus University of Technology (CUT) in Limassol (34.7° N, 33.0° E).
Some additional tests were performed at the Applied Energy Laboratory (AELab), a certified institute for
solar collector testing in Nicosia (35.2° N, 33.4° E) [18].



2.1. Ezperimental apparatus

The experimental apparatus consists of closed-loop system represented schematically in Fig. 2} The PVT
collector was installed on a south-oriented frame with a 37° inclination angle. The system also includes a
150 L hot water storage tank with an inlet port located at the top and an outlet port located at the bottom.
A Grundfos UPS 180 pump was used to circulate water around the system [19]. The collector flow-rate
was controlled by adjusting the needle valve V4 located at the collector inlet and by opening or closing a
bypass branch using valve V7. The flow-rate was measured using an analogue volumetric flow meter with an
estimated precision of +5%. The PVT module’s current-voltage (I-V') characteristic and the electrical power

output at the maximum power point (MPP) were measured using a PVPM 2540C measurement device [20].

(b)

Figure 1: (a) Commercial PVT module (M1); (b) Unglazed PVT module with 65% covering factor (M2U); (c¢) Glazed PVT
module with 100% covering factor (M3).

The ambient temperature T}, collector inlet temperature T, outlet temperature T and the temperature at

the back of the PV module were measured using calibrated K-type thermocouples. The fluid inlet temperature
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Figure 2: Schematic of the closed loop system for PVT testing in Limassol, Cyprus University of Technology.

was controlled using a 3 kW electric heater and PID controller taking an input from thermocouple T;.. The
global irradiance received on the inclined plane of the collector was measured using an Eppley PSP precision
spectral pyranometer [2I]. Measurements from the thermocouples and the pyranometer were logged at an
interval of 1 s using an Omega DAQPRO-5300 portable data acquisition unit. The local wind speed, ambient
temperature and horizontal global irradiance were also monitored using a Davis Vantage Pro2 weather station
[22] located near the collector. In particular, the wind speed measurement was required in order to ensure
that the tests were performed under similar conditions for directly comparable results.

A Dbrief analysis was conducted to determine the most suitable time resolution for the solar irradiance
measurements. On a clear day, solar irradiance varies slowly and predictably with the position of the sun in
the sky, and hourly-resolution data is often acceptable for modelling of solar-thermal and PV systems. In
the present work, high resolution irradiance data is required for the evaluation of the dynamic thermal model
under intermittent cloudy conditions (see Section . For such conditions, a suitable sampling rate should
be chosen that is sufficiently higher than (at least double) the highest frequency for which useful information
is contained in the signal. Figures [3| and [4 show power spectral density (PSD) plots for solar irradiance data
on a clear day and an intermittently cloudy day, respectively, sampled at a frequency of 1 Hz. It is clearly
noticeable that the signal intensity of the cloudy-day plot is higher than the clear-day plot for frequencies

between 0.002-0.05 Hz (representing time-scales of 20 seconds to 10 minutes), however the majority of useful



information is contained in the signal at frequencies lower than 0.2 Hz. Thus in the present work, a sampling

rate of 1 Hz for the solar irradiance measurement is considered appropriate.
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Figure 3: (a) Plot of solar irradiance against time for a clear day in June, measured at a frequency of 1 Hz, and (b) power

spectral density (PSD) plot of the solar irradiance data for the same day.
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Figure 4: (a) Plot of solar irradiance against time for an intermittently cloudy day in November, measured at a frequency of

1 Hz, and (b) power spectral density (PSD) plot of the solar irradiance data for the same day.



Table 1: Manufacturer’s specifications for the commercial PVT module M1 [23], and the solar-thermal collector, PV thin film
module and glass layer used for collectors M2U, M2G and M3 [24], 25].

PVT FPC PV module
(M1) (M2, M3) (M2, M3)

Gross area, m? 1.42 1.56 0.94

No. riser tubes, - 14 7 -

Tube diameter, mm 8 15 -

No, - 0.49 0.62 -

a1, W/(m? K) 4.03 4.24 -

a1, W/( m? K) 0.07 0.01 -

C,kJ K1 20.0 14.6 -

Tg (0 =0), - N/A 0.95 -

NE,0, - 0.126 - 0.117

B, K1 N/A - -0.0038

Voe, V 43.4 - 93.3

Isc, A 5.5 - 1.7

Pg (peak, MPP), W 180 - 110

The solar collector specifications are presented in Table [ The commercial PVT collector M1 is a
Solimpeks Volther Powertherm, with a 150 Wyeax mono-crystalline silicon (c-Si) PV module. The thermal
absorber consists of a copper sheet in contact with the rear side of the PV layer which conducts heat to
the circulating fluid flowing in 14 parallel riser tubes that run vertically between the inlet and outlet header
pipes.

Collectors M2U, M2G and M3 were constructed in-house from a commercial flat plate collector (FPC)
and a glass-encapsulated copper indium gallium selenide (CIGS) thin-film PV module. The glazing layer of
the FPC was removed and the PV module was placed on top, in direct contact with the copper absorber
plate. Due to its smaller area, the PV module area in contact with the absorber covered approximately 60%
of the total FPC, leaving an exposed strip of thermal absorber around the edges of the PV module. To make
the situation more representative in terms of thermal performance of a commercial PVT collector with a
larger PV covering factor (CF), an opaque reflective material (aluminium foil with insulation) was used to
shade some of the exposed absorber so that only the area at the top of the panel remained directly exposed
to solar radiation (see Fig. . This resulted in an increased overall covering factor of 65% for collectors
M2U and M2G. For collector M3, the absorber area at the top of the panel was also covered with reflective
material to give a 100% covering factor, as shown in Fig. For collectors M2G and M3, the original glazing
layer from the FPC was reinstalled after the addition of the PV module, while for M2U the glazed layer was
left off.



2.2. Steady-state collector characterisation

The procedure followed for the steady-state characterisation tests was based on the methodology described in
the European Standard EN 12975-2 [§]. As the tests were performed outdoors, a certain amount of variability
in the climatic conditions are expected. The minimum requirement specified in EN 12975-2 is to generate
performance data over the operating temperature range of the collector under a single global irradiance
condition >700 W/m? on the collector plane (although some manufacturers choose to publish test data over
a wider range of irradiance levels). It is specified in the standard that irradiance should not vary by more
than +50 W/m? during each measurement period, and that the incidence angle modifier of the collector
should not vary by more that +2% from its normal-incidence value (normally corresponding to incidence
angles in the range 0—20°). During the measurement of the thermal efficiency, the PVT electrical output was
maintained at the maximum power point. It is generally recommended that the flow-rate should be set to a
value close to the nominal flow-rate specified by the manufacturer. If a flow-rate is not specified, as was the
case for the collectors in the present study, then a value of 0.02 kg s~! £ 10% is advised in EN 12975-2. Over
a single measurement period the flow-rate should not vary by more than 4= 1%. The steady-state thermal

efficiency is calculated from the experimental data using Eq.

- mC(Tf_O — Tf_i)
NTH = GA . (1)

Following the procedure in EN 12975-2; a non-linear least squares fit is applied to the data so that:
nrH = 1 — a1 T — asGT*2. (2)

where T* is the reduced mean temperature T* = (T. —T,)/G, and 1,, a; and as are the coefficients obtained
from the fitting procedure. The mean collector temperature 7' is taken as the linear average of the inlet and

outlet fluid temperatures, Tt; and T¢,.

2.83. Dynamic collector characterisation
The dynamic behaviour of a solar-thermal collector under time-varying environmental conditions is described
using Eq.

_ _ T,
1e(Tho — Ths) = 10 AG — a1 A(T, — Ta) — agA(Te — To)? — Cddt . 3)

In this equation, the total effective heat capacity of the collector is represented by a single lumped parameter,
C, which allows a simplified approach to transient modelling by a modification of the steady-state efficiency
equation to include a single time-derivative term.

A method for estimating C' is presented in EN 12975-2, in which the thermal capacity of each component
of the collector is multiplied by a weighting factor p that describes the degree of thermal interaction it has

with the circulating fluid. In the latter method, only the thermal capacity of certain components constituting
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the collector are included in the calculation, based on their estimated degree of thermal interaction with the
heat transfer fluid. Thus the metal absorber is designated a high weighting factor, while the insulation
and external glazing layer are designated low weighting factors. The total effective thermal capacity of the

collector is found by summing the values for each element:
Cut = > pimici. (4)
i=1

Recommended weighting factors are provided in EN 12975-2, only for a simple example of a glazed flat plate
collector which includes the absorber, insulation, glazing and heat transfer fluid. Component weightings
applying to other collector designs (for example the PV module for a PVT collector) are not provided in the
standard.

An experimental method for evaluating C' is also presented in EN 12975-2. In this method, the collector
is exposed to a step-change in irradiance and the time taken for the collector outlet temperature to reach
a new steady-state value is measured (while the inlet temperature is maintained at a constant value). The
collector is shielded with a reflective cover, while heat transfer fluid is circulated through the collector until
the initial steady-state temperature is reached. The cover is removed at time t;, exposing the collector to
irradiance, and the outlet temperature monitored until a new steady state is reached at time t5. In order
to obtain the estimate of C' from the experimental result, first Eq. [3]is simplified to a linear function of the
temperature difference between the collector and the surroundings:

me(Teo — Tei) = 10 AG — UA(T, — T,) — Cdj;c , (5)

where the heat loss coefficient U A can be estimated as the gradient of useful heat output with collector tem-
perature —AQ /AT, under steady state conditions. Then, by integrating and rearranging Eq. [5| the following

expression is obtained:

t2 . t2 2 t2
An [\ Gt — s [\ ATt — UA[ [ (T = Tt + 0.5 [ ATyt

— — 6
TC,2 - Tc,l ( )

exp —

The time constant 75 of the dynamic response of the collector to the step-change in irradiance is evaluated

as follows:

Tf_o(t = TS) — Tf_o(t = tl)
Tf—o(t = t2) - Tf—o(t = tl)

=1-—e¢1 (7)

2.4. FElectrical efficiency

The electrical efficiency is evaluated by measuring the electrical power at the maximum power point (MPP)
across the operating temperature range of the module. The decrease in electrical efficiency with increasing

module temperature is described in Refs [26H31] using the following equation:

ne = ne0ll — B(Tev — To)], (8)
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where Tpy is the PV temperature, 3 the temperature coefficient (typically around ~ 0.004 K~ for ¢-Si cells),
and ng o is the electrical efficiency at the reference temperature 7, =298 K. In the present work, for cases
where a direct measure of the PV cell temperature is not available the mean fluid temperature will be used

instead:
ne = neo[l = 8" (Te — To)] - 9)

The electrical efficiency can be corrected for the effect of decreased glass transmittance at non-perpendicular

incidence angles using the following equation:

e = T"(Eey (10)

where ng* is the electrical efficiency that would be expected for a perpendicular incidence angle.

2.5. 8-D dynamic PVT collector model

In addition to the performance characterisation exercises described above, the experimental data collected
in the steady-state and dynamic tests will be used to validate a detailed three-dimensional (3-D) numerical
model of a sheet-and-tube PVT collector developed in earlier work. The model will be configured using the
known geometrical and material parameters of the PVT collectors investigated in this study, and simulations
will be performed using the high-resolution solar irradiance and ambient temperature data collected during
the tests. The predictions of the 3-D model will be compared to the real electrical and thermal performance
data from the tests, and to predictions from a zero-dimensional (0-D) lumped PVT collector model based on
the parameters 7,, a1, as and C. The relative merits of the two modelling approaches will be discussed.

The main energy balance equations used in the 3-D model are summarised below. For the full list of
equations, and further details of the heat transfer coefficients, optical properties and model assumptions the

reader is referred to Ref. [7].

dT, .
mgchj = Qg—CD(Ly) - AzyegU(Tg - Ts4ky) — Agyhiop(Ty — Ta)
(T4 o T4) (11)
+ Aacya% + Awyhgap (Tov — Ty) + G
€z | €pv
dT; . (Tay — TH)
mPVcPV% = QPV-CD(x,y) - Awyaipvilfl - Awyhgap (TPV - Tg)
€5 €PV (12)
Ay _
"R L(Tpy — Tag) + TapvG — Pe gy
PV
dT, . A, k
mABCAB% =QAB-CD(z,y) T Ripi//(TPv —TaB) — Ab(sle(TAB -1T5)
13)
Ay (
_ Tan — T.):
Rloss( AB a) ’
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ar, . k
mpcp—F = Qp-on(y) + Ab?:(TAB —Tp,) — wDhedy(T, — Ti); (14)
dT; dT;
mfcfd—tf = 7 Dhedy(T, — T}) + mcfd—yf . (15)

Equation [11]is the energy balance for the glass cover which considers conduction between adjacent nodes
in the x-y plane, radiative losses to the sky, convective losses to ambient air, convective and radiative heat
transfer between the glass and the PV module, and the fraction of incident irradiance absorbed as heat by
the glass cover. Equation. is the energy balance for the PV module which considers both radiative and
convective heat losses to the glass, conduction to the copper absorber (described with the thermal resistance
Rpvy), and the fraction of irradiance absorbed as heat by the PV module, minus that converted to electrical
power Pg. Equation[I3]is the energy balance at the copper absorber sheet, which considers the heat conducted
to the absorber from the hotter PV layer, heat conducted from the absorber to the pipe, and heat lost to the
environment by conduction through the rear insulation followed by convection to the ambient air (described
using the combined thermal resistance Rjoss). Equation [14)is the energy balance for the pipe which considers
conduction from the absorber, conduction along the pipe in the flow direction y, and convective heat transfer
to the fluid. Equation [T5]is the energy balance at the fluid node, which describes the convective heat transfer

between the pipe wall and the fluid, and the enthalpy rise of the fluid between each node in the flow direction.

3. Characterisation test results

In this section, results are reported from the steady-state and dynamic tests performed on the PVT collectors.
The thermal performance tests with collector M1 were performed at AELab in Nicosia [18], while all other
tests were performed at the Cyprus University of Technology in Limassol. The results of the former tests are
reported with a lower degree of uncertainty (shown by smaller error bars) due to improved sensor calibration

capabilities and the use of higher accuracy instruments and measuring devices.

3.1. Steady-state test results

3.1.1. Thermal efficiency variation with electrical load

The thermal efficiency of M1 was evaluated for two operating modes: (i) open circuit (no electrical load
connected) and (ii) with an electrical load connected and generating power close to the maximum power
point (MPP). It is recommended that inverters with embedded power point tracking devices are used for
accurate steady-state electrical and thermal characterisation of PVT collectors. The thermal efficiency is
higher when the PVT collector operates in open circuit because ~ 11% more energy is available for thermal

conversion. On the other hand, the heat losses are increased because the fluid reaches a higher temperature.
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Figure 5: Thermal efficiency curves for PVT collector M1 in maximum power point (MPP) mode (black dashed line) and open

circuit (OC) mode (red solid line).

The collector efficiency curve for the two operating modes of M1 is shown in Fig. [5] where the thermal
efficiency is plotted against the reduced mean temperature T*. The efficiency curve coefficients obtained

from a fit of the experimental data are reported in Table

8.1.2. Thermal and electrical efficiency with glass cover

The glazed and unglazed PVT collectors M2G and M2U were tested under outdoor conditions in Limassol
during the month of July. Solar irradiance measured at the tilted plane of the collector was found to vary
in the range 650910 W/m? during the tests. The fluid temperature at the collector inlet was varied over a

range typical of domestic hot water applications, between 3276 °C. Plots of collector efficiency curves over

Table 2: Thermal efficiency curve coefficients determined from the steady-state tests of PVT modules M1 (commercial glazed
module), and M2 (glazed and unglazed variants), with test conditions in the following ranges: G'=670-910 W/m?2; T, =38
39 °C; T;_;=32-76 °C. PVT module M1 is tested with the PV operating both in open circuit and at the maximum power
point (MPP).

TNo al a
PVT module

Q) (m*K/W) (m*K?/W)
M1 (PV open-circuit) 0.42 4.96 0.003
M1 (PV at MPP) 0.37 4.64 0.03
M2U 0.32 7.07 0.07
M2G 0.39 2.17 0

14
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Figure 6: Thermal efficiency of M2U and M2G panels.

the range of T™* values for M2U and M2G are shown in Fig. [6] The total uncertainty associated with the
results obtained using the Limassol testing apparatus is ~10% (see the Appendix section). The efficiency
curve coefficients obtained from the fit of the experimental data are reported in Table 2| From these results
it is evident that adding a glass layer results in an improvement in the thermal efficiency. The first-order
heat loss coefficient a; decreases from 8.37 W/m? K for the unglazed collector M2U to 2.17 W/m? K for
the glazed collector M2G. The optical (or so-called “zero-loss”) efficiency 1), is also slightly improved for the
glazed configuration despite additional optical losses due to reflection. The results show that the unglazed
PVT module, due to its lower stagnation temperature, is suitable only for applications that require fluid
temperatures of up to 65 °C.

The electrical efficiency of M2U decreases linearly with the mean fluid temperature as shown in Fig. [7]
A linear fit through the data-points results in a gradient of —0.0014 K—! and a y-intercept of 0.066, which
are significantly different from the corresponding values 8 = —0.0038 K~! and ng o = 0.117 stated in the
manufacturer’s data sheet for the PV module. It should be noted however that the manufacturer’s coefficients
are based on the PV cell temperature rather the mean fluid temperature.

The electrical efficiency of M2G is on average 20% lower than the electrical efficiency of M2U due to
reflection and absorption losses caused by the additional cover glass. The total reflectance of the collectors
can be estimated from the glass and PV optical properties using the formulations reported in Refs. [32H34].

At normal incidence the total reflectance is 12% and 10%, for the glazed and unglazed collectors respectively.
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Figure 7: Temperature dependence of the electrical efficiency of the unglazed PVT module (with thin film PV). The electrical

efficiency is plotted against the mean collector (fluid) temperature T'.

However, the glass-layer transmittance is further reduced at larger incidence angles, leading to a further losses
in electrical performance. Moreover, this is found to have a notable effect on the results, as shown in Fig.
During the hours over which the tests were performed (between 10:47 a.m. and 1:20 p.m.), the smallest
incidence angle (26°) corresponds to a glass transmittance value of 0.9, while the largest incidence angle
(~34°) corresponds to a lower transmittance value of 0.87. At the lowest collector temperature, for which
the electrical efficiency would ordinarily be highest, the larger incidence angle corresponds to a reduced glass
transmittance (shown by the star points) and the result is a decrease in electrical efficiency (shown by the
circular points). The point at which the maximum electrical efficiency occurs is due to a combination of the
collector temperature and incidence angle. To show more clearly the influence of the collector temperature,
the electrical efficiency is corrected for the effect of the decreased glass transmittance at non-perpendicular
incidence angles using Eq. The corrected results, shown by the solid triangle points in Fig. [8, show the
anticipated linear trend of decreasing electrical efficiency with increasing temperature and also show good

agreement with the results obtained for the unglazed collectors.

8.1.8. Sensitivity to thermal contact
The preferred method for manufacturing a PVT module to achieve a good thermal contact between the PV
layer and the absorber is to laminate the top cover, PV layer and absorber in a single assembly while electri-

cally insulating the PV layer at the same time. A simpler, lower-cost alternative used for some commercial
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Figure 8: Electrical efficiency ng of M2G plotted as a function of the mean fluid temperature T¢; and transmittance of the
glazed layer 7g plotted as a function of the corresponding solar incidence angle, which has a strong influence on ng. The modified

electrical efficiency 7y, is corrected for non-perpendicular incidence angle using Eq. to show more clearly the influence of T.

PVT collectors (including collector M1) is to place the absorber in contact with the PV cell, often with a
thin thermally-conductive material inbetween to provide a thermal contact (see Fig. E[) The materials are
typically silicone adhesives, copper foils, aluminium filled epoxy glue and silver filled glue [35H38].

The thermal efficiency of collector M1, obtained from the experiments in Section [3.1.1] was found to be
23% lower than the values predicted from the manufacturer’s efficiency curve, reported in Table The
module was opened to investigate possible reasons for the poorer thermal performance and to inspect for
damage. Figure|10|shows the rear side of the PV layer in collector M1 (left) and the top surface of the copper

absorber fins (right). The back of the PV module was covered with a uniform layer of black thermal grease

N Thermal paste
(thermal contact)

Copper | v v -
fins

Figure 9: Schematic of a PVT module assembly including the PV module, the copper fins and pipes and the thermal grease.
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Figure 10: Detail of the material layers forming PVT collector M1. Left: the rear surface of the PV layer, covered by a uniform
layer of black grease of ~3 mm thickness. Right: the top surface of the thermal absorber layer, formed from copper fins bent

around the riser tubes, with the deformation resulting in only partial contact with the PV /grease layer.

(Fig. left). Although no damage was visible, the thermal contact between the PV layer and the strips
of copper sheet forming the absorber fins was found to be poor. Although the thermal grease was applied
uniformly to rear side of the PV layer (Fig. left), this provided only a partial contact with the top surface
of the absorber fins, which were deformed around the riser tubes resulting in large air gaps over much of the
collector’s surface area (Fig. right).

For the glazed collector M2G, improvements were made to the thermal contact between the PV layer and
the thermal absorber by applying a silicon paste (see Fig. . The thermal conductivity of the paste was

2.3 W/m K according to the manufacturer’s data sheet [39]. It was found that an improvement in thermal

Figure 11: Application of the thermal paste on the copper fin of the thermal collector.
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Figure 13: Comparison of the thermal efficiency of the glazed PVT module with 100% covering factor (black circles) and with

65% covering factor (white squares).

efficiency could not be observed conclusively over the range of conditions in the outdoor tests, however Fig.
shows that the application of the paste results in a ~ 10 °C lower temperature measured on the PV layer;
which in turn results in a 6—8% relative improvement in electrical efficiency, and also has the potential to

bring about further benefits such as a reduced long-term performance degradation of the PV module [40].

8.1.4. Thermal and electrical efficiency with covering factor
For the M2G and M2U collectors, the PV module covered only 65% of the area of the thermal absorber,
leaving the remaining area at the top of the collector exposed (see Fig. . For collector M3, the effect
on the thermal performance of having a 100% coverage area was investigated by using a reflective thermal
insulator to cover the remaining exposed absorber area, thus preventing it from contributing to the useful
thermal output of the collector. The thermal efficiency was then calculated based only on the area of the
collector covered by the PV module.

Figure[I3]shows that the thermal efficiency of M3 was similar to M2G at low values of 7%, but experienced
a more pronounced deterioration at increased fluid temperatures. It should be noted that the emissivity of the
PV layer is high compared with the selectively-coated copper absorber (~ 0.8 compared to ~ 0.05 [41H43]),

resulting in more significant radiative losses at higher operating temperatures from the PV layer.
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3.1.5. Comparison of PV module operation in standalone and PV'T modes

The ¢-Si and a-Si PV modules (used the M1 and M2 collectors, respectively) were removed from the PVT
collector assembly and tested in standalone operation (without active cooling, glazing, or rear insulation).
Under conditions of G =870 W/m? and T, =33 °C, and with low local wind speeds, the c-Si PV module
reached a maximum temperature in standalone operation of 60 °C with a corresponding electrical efficiency of
14%. The a-Si module meanwhile reached a maximum temperature of 42 °C with a corresponding electrical
efficiency of 11.5%.

By comparison, when operating in a glazed PV'T configuration, the PV-layer temperatures were measured
in the range 75-100 °C (see Fig. . The high PV temperatures are a result of the relatively high
fluid temperatures, and reduced heat losses to the environment due to the glazing and back insulation.
Consequently, it is expected that the electrical efficiency a PVT collector operating in a temperature range
of 40-80 °C will be lower than that of an equivalent PV module in standalone operation due to the high

operating temperatures (and also due to additional optical losses for the case of a glazed PVT module).

3.2. Dynamic testing results

The results of the dynamic tests, along with the corresponding test conditions, are presented in Table |3l The
experimental values of the collector time constant 7 and effective heat capacity Cexp, are obtained using the
methods described in Section Also reported in the table is the alternative value for the effective heat
capacity, Cyzt, obtained using the weighting-factor calculation method also described in Section [2.3] The
material masses and specific heat capacities used for the calculation are listed in Table [d] along with the
relevant weighting factors (recommended in EN 12975-2 [8], where available). Components such as the frame
and the connecting pipework upstream of the inlet temperature measurement and downstream of the outlet
temperature measurement are assumed to be thermally isolated from the fluid in the collector and are not
included in the calculation. Meanwhile, due to its close thermal contact with the absorber, a weighting factor
of 1 is assumed for the PV module.

The temperature evolution for M1 during the dynamic test is plotted in Fig. The average time
constant measured for M1 was 474 s (~8 mins), which is considerably longer than the 90 s average time
constant measured for the glazed module M2G. In general a longer time constant corresponded to a larger
effective heat capacity, however this was not always the case among repeat tests, because the increase in
outlet temperature did not always follow a smooth exponential rise to a new steady state. M1 was found to
have the largest effective heat capacity and time constant of all the collectors tested, due to certain design
and construction features such as the flow-rate restriction imposed by the small diameter of the riser tubes
and the poor thermal contact between the PV and thermal absorber layers, discussed in Section [3.1.3

For all collectors, there is a large difference between the experimentally-obtained values of the effective

heat capacity Cexp, and the values obtained using the calculation-based method Cy,¢ which is generally found
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Table 4: Component material properties and weighting factors (according to EN 12975-2) for the PVT collector M1, and for

the solar-thermal collector and thin film CIGS module used to construct the glazed and unglazed PVT collectors M2G, M2U

and M3.
p m c mce P
Material(s) R v
(kg/m?) (kg) (J/kg K) (J/K) )
PVT (M1)
Absorber plate & tubing Copper 8980 2.6 390 990 1
Glass cover Glass 2700 12.7 800 10,170 0.014
Fluid Water 1000 0.5 4190 2200 1
Insulation EPS, glass wool - 1.7 980 1670 0.5
PV module - 15.8 - 20,110 1
FPC (M2, M3)
Absorber plate & tubing Copper 8980 7.1 385 2750 1
Glass cover Glass 2700 15.6 800 12,460 0.014
Fluid Water 1000 1.8 4190 7720 1
Insulation EPS 18 0.6 1300 1800 0.5
Insulation Glass wool 24 1.6 670 1090 0.5
PV module (M2, M3)
Thin-film PV module Glass 2700 16.5 800 12,170 1
1,200 33
32
1,000 |
“----IIIIIIIIIIIIIIIII 731
800 130
%
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= 600 <
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Figure 14: Test 3, dynamic test of commercial PVT module M1. During the test, the collector inlet temperature is maintained

close to the ambient temperature. The collector is initially shaded with a reflective cover, then exposed to a step change in

irradiance by removing the cover, while the response of the collector outlet temperature is measured.
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to be 2 to 5 times smaller. The experimental values were sensitive to environmental conditions and flow-rate,
and repeatability was difficult to achieve. Moreover, the time taken for the PVT collectors to reach a new
steady state when exposed to an irradiance step-change was as much as 30 min; far longer than that for the
flat plate thermal collector. This suggests that dynamic testing of PVT collectors is likely to be a slow and

expensive process, and that an accurate predictive model may be useful as a cost-effective alternative.

4. Diurnal performance

In this section, electrical and thermal performance data are presented for the various PVT collectors, mon-
itored over a diurnal operating period. Each collector is operated at constant flow-rate for the duration of
the test, while the thermal energy collected is stored in the hot water tank. At the end of the monitoring
period the total electricity generated and thermal energy accumulated in the storage tank are evaluated, as
well as the daily-averaged electrical and thermal efficiencies. The daily performance results and the range
of operating conditions are reported in Table |} For each test, the monitoring period is started at the same
time in the morning (10:15 local time), and stopped at the end of the day when the thermal efficiency of the

the collector falls below zero.

4.1. Thermal energy generation

The results reported in Table [f] show that for the unglazed PVT collector M2U a lower amount of thermal
energy (2.0 kWhyy,) is stored over the daily operating period than for the two glazed modules (2.2—2.7 kWhyy,
for M1 and 2.5—-3.3 kWhy, for M2G). When the collector area and daily solar irradiation are taken into
account, the computed daily average thermal efficiency is also found to be lower for M2U than for M1 and

M2G, in agreement with the relative performance predicted by the thermal efficiency curves in Figs[5 and [6]

4.2. Dynamic thermal model evaluation

In order to evaluate the various dynamic collector models, experimental performance data is selected from
a day on which the ambient conditions (in particular, solar irradiance) encounter a high degree of time-
variation. Figure [I5] shows performance data for collector M1 on a day in late November. The period
selected for the analysis is between the hours 11:30 to 14:00, during which the solar incidence angle is < 20°.
The measured solar irradiance during this period (green line in Fig. shows a number of short-duration
peaks due to intermittent cloud cover. The response of the measured solar collector outlet temperature (red
line) in response to these peaks in irradiance is attenuated with a slight delay due to the thermal mass of the
solar collector.

In Fig. the environmental and operating conditions from the above case are used to simulate the solar
collector with three dynamic collector models: (i) a 0-D lumped dynamic model using the calculated value

(weighted-component method) of the effective thermal capacity Cyy; (ii) a 0-D lumped dynamic model using
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Figure 15: Diurnal test data (collector inlet temperature, collector outlet temperature and solar irradiance) obtained for PVT

collector M1 on a cloudy day in November. The data is used to validate the three dynamic solar collector models shown in

Fig. E
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Figure 16: Collector temperature rise simulated by three dynamic models, and compared to the experimental result (solid
red line): (i) the 3-D dynamic model (solid black line); (ii) a 0-D (lumped) dynamic model using the experimentally-obtained

collector thermal capacity Cexp (dark blue dotted line); and (iii) a lumped dynamic model using the calculated estimate Ciyy

(light blue dashed line).
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Figure 17: Deviations between measured and predicted values of the fluid temperature rise through the PVT collector, cor-
responding to the dynamic model simulations in Fig. @ The solid line passes through AT prea = ATF,meas, While the area

enclosed by the dashed lines indicates a maximum deviation between measured and predicted values of +25%.

the experimentally-obtained value of the effective thermal capacity Cexp; and (iii) the 3-D dynamic PVT
collector model introduced in Section [2.5] The simulation results are compared for the three models to the
experimental data in terms of their predictions of the temperature rise through the collector (Tt., — Tt;). The
deviations between the model predictions and the measured values are reported in Table [6] and Fig.

For the 0-D lumped collector model with the effective thermal capacity input parameter set to C' =
Cywt =24.3 kJ/K, the maximum instantaneous error in the predicted temperature rise through the collector
is 1.7 K, while on average there is a 44% deviation between the model prediction and the measured output.
Figure [16] shows that the model underestimates the extent to which the collector’s thermal capacity buffers

the response of the fluid temperature to the instantaneous peaks in irradiance.

Table 6: Maximum and average deviations between the measured and predicted fluid temperature rise during the PVT collector

dynamic performance simulations; performed using the 0-D and 3-D dynamic collector models (see also Figs. and .

|ATf pred — AThmens 0-D model 0-D model 3D model
’ ’ (C = Cwt) (C = Cexp)

Maximum deviation 1.7 K 0.7K 0.5 K

Average deviation 03K 01K 0.1 K

Average deviation (%) 44% 23% 14%
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For the lumped model with the effective thermal capacity set to C' = Coxp =129.6 kJ/K (the average of
the experimentally obtained values from the dynamic step-response tests reported in Table , the increased
buffering of the outlet temperature variations is clearly visible in Fig. The predicted temperature rise
shows far better agreement with the experimental result than the lumped model with the lower thermal
capacity value, with an average deviation from the experimental result of 23% and a maximum prediction
error of 0.7 K.

Finally, the collector is simulated using the 3-D dynamic model introduced in Section [2:5] The 3-D model
uses the same environmental parameters (solar irradiance, ambient temperature) and operational parameters
(inlet temperature, flow-rate) for the simulation as the aforementioned lumped models; but differs from
these models in its use of detailed geometric and material data, obtained through detailed inspection and
measurements of the PVT collector. The 3-D dynamic model results, plotted in Fig. [I6] show the closest
agreement of the three models with the experimental result, with an average deviation in the predicted fluid
temperature rise of just 14% and a maximum error of 0.5 K.

It should be noted that the percentage deviations between the model predictions and the measured values
of the useful heat output are inherently larger when the temperature rise through the collector is small. This
is illustrated in Fig. which shows that for values of AT} meas > 0.5 K the 3-D model predicts the fluid
temperature rise to within +25% of the measured value in all instances. It can also be observed that both
the 3-D model and 0-D model (with C' = Ceyp,) are shown to under-predict the fluid temperature rise at the
largest values of AT}, indicating that both models overestimate the thermal losses from the collector under
intermittent irradiance conditions, despite showing good agreement with measured data across the full range

of reduced-temperature values during the steady-state tests.

4.3. Electrical performance

When evaluating the electrical efficiency of a PVT collector, the entire top surface area of the PV layer
should be exposed to sunlight with no shading. Partial shading of individual cells in a PV panel can cause a
disproportionate drop in electrical power output, blocking the flow of electrical current and thereby limiting
the output of the remaining unshaded cells. The resulting effect of partial shading on the I-V curve is
demonstrated in Fig. for module M1. For the partially shaded module in Fig. the I-V curve has
multiple peaks, while the maximum power point occurs at a lower voltage compared to the unshaded module
in Fig. This observation is also supported by Refs. [44] [45].

For collectors M1 and M2G, the instantaneous electrical efficiency and open circuit voltage were found to
vary approximately linearly with collector temperature during the diurnal monitoring period. The average
values of the voltage-temperature gradient dV,./dT. is reported for collectors M1 and M2G in Table |7} while
the instantaneous electrical and thermal outputs of collectors M1 and M2G are plotted in Fig.[I9] M1 has a
50% larger PV area, and an 8% higher nominal efficiency than M2G (see Table , and the result is an 80%
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the same day.

(a)

(b)

800 T T T T T 800 T T T T T
—o— Thermal energy generated (W) —6— Thermal energy generated (W)
—»— Electricity generated (W) —— Electricity generated (W)
600 |- 600
£ £
E 400 | 400
.Q) .Q}
! o
200 - 200 |- n
0 ! ! ! ! ! 0 m
10:15 12:15 14:15 16:15 10:15 12:15 14:15 16:15
Time Time

Figure 19: (a) Thermal and electrical energy generated by M1 on the 3

by M2G on the 25t of June.

0" of June; (b) thermal and electrical energy generated

29



higher total electrical energy output over the diurnal monitoring period. Conversely, collector M2G delivers
a > 50% higher total thermal energy output than M1 over the same monitoring period. It should be noted
that, compared to the M1 case, the initial tank temperature for the M2G case was 4 °C lower and the mean
ambient temperature was 4 °C higher; this is estimated to account for 30 -40% of the observed difference
in thermal performance. It should also be noted that M2G has a lower covering factor, while (as noted in
Section M1 was found to have a particularly poor thermal contact between the absorber fins and the
PV layer.

If the total area-related energy output of the solar collectors is considered as the sum of electricity and heat
per unit gross area, the two collectors are found to be evenly-matched. M1 generates 2.08 kWh g 1)/ m?
compared to 2.24 kWh(E+TH)/m2 for M2G. That corresponds to a total energy efficiency of 37% and 43%,
respectively. It is remarkable that, despite the lower electrical energy output due to the smaller PV area,
M2G operates with a higher total energy efficiency than the fully covered commercial module M1 with ¢-Si

solar cells.

5. Conclusions

In this paper we have presented data from a series of outdoor tests to characterise the electrical and thermal
performance of a range of PVT collectors. A novel aspect of this work was the application of steady-state and
dynamic test methods adapted from the existing European standard EN 12975-2 for solar-thermal collectors,
in the absence of a dedicated testing methodology specifically for PVT collectors. Various design features
were investigated, including external glazing, covering factor (ratio of PV area to thermal absorber area),
and enhancement of the thermal contact between the PV and absorber layers. The major findings are as

follows:

e The addition of a glass cover results in a considerable improvement in thermal performance compared to
an unglazed collector, with the first-order heat loss coefficient a; decreasing from 7.07 to 2.17 W/m? K,
resulting in >30% efficiency at collector temperatures up to 75 °C. However, the reflection losses
introduced by the addition of the glazed layer lead to a 10—20% reduction in electrical output, most

notable at large solar incidence angles. This reduction in electrical efficiency is ~ 3 times larger than

Table 7: PVT collector electrical performance during diurnal tests.

PVT Date Start End E Ea MPP g dVoc/dT .
module time time (kWh/d) (kWh/d m?) (W) (%) (V/K)
M 29 June 10:15 16:45 0.69 0.48 120.8 9.4 11
1
30 June 10:15 16:45 0.69 0.48 121.0 9.2 11
25 June 10:15 16:28 0.38 0.24 76.2 5.1 24
M2G
26 June 10:19 16:11 0.38 0.24 747 5.0 24
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that observed as a result of raising the collector temperature from 30 °C to 60 °C. Thus the use of
high transmittance glass (and in some cases, tracking systems) may be beneficial to achieve higher

efficiencies for PVT systems.

The thermal efficiency under steady-state conditions is 10—15% lower when the PVT collector is gen-
erating electricity at its maximum power point than when operated in open circuit with no electrical
load. Small variations in operating voltage lead to large variations in the electrical power output and
therefore an accurate maximum power point tracking device (such as an inverter with embedded power-
tracking capability) should be employed for both electrical and thermal performance testing of PVT

collectors.

The quality of the thermal contact between the PV layer and the rear absorber was found to be an
important factor in determining both electrical and thermal performance. Poor thermal contact results
in poorer heat transfer to the circulating fluid and higher PV temperatures, resulting in poor electrical
performance and, over longer periods, possible thermal degradation of the PV layer. The electrical effi-
ciency temperature coefficient was also found to be far higher when evaluated using the mean collector
fluid temperature than would be expected using the PV cell temperature. For the commercial PVT
module tested in this study, improvements to the PV-absorber thermal contact resulted in a 6-8%
increase in electrical efficiency and a ~ 10 °C reduction in the temperature measured at the PV layer.

A small increase in thermal efficiency was also observed.

Dynamic tests revealed a slow thermal response for the commercial PVT collector (time constant of the
order of up to ~ 8 min) when compared to a conventional thermal-only flat plate collector (< 2 min).
Furthermore the experimental method results in an effective heat capacity value that is 2—5 times
larger than that obtained from the more widely-used weighted-component calculation method. The
dynamic test results were found to be highly sensitive to the operating conditions, making outdoor

dynamic testing particularly challenging and time-consuming.

It is estimated from the findings of this study that the full steady-state and dynamic thermal perfor-
mance characterisation of a PVT collector under outdoor conditions according to methods specified
in EN 12975-2 requires a minimum of 5 days (assuming continuous clear-sky conditions). Previous
studies have identified the need to reduce the time and effort required for solar collector testing [17} [46];
thus a validated predictive model for the evaluation of PVT collector designs is suggested here as a

cost-effective alternative.

The 3-D PVT collector model developed in an earlier work by the authors [7] is shown to provide a
very good prediction of operation under intermittently cloudy conditions; with a maximum error in the

predicted temperature rise through the collector of 0.5 K during the simulation period, compared to
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maximum errors of 0.7 K and 1.7 K for the lumped first-order dynamic models developed in the present

work.

Appendix

Error analysis
The uncertainty associated with the experimental data and calculated parameters has been estimated using
the guidelines in EN 12975-2 [§] and the uncertainty analysis methodologies detailed in Holman [47] and
Mathiouakis et al. [48].

The uncertainty associated with a directly-measured quantity x over a series of N observations, where

some fluctuation of the quantity may take place during the observations, is estimated using the standard

(N w2
uI_(N(N—l)) . (16)

deviation of the mean:

Measurement errors associated with devices such as sensors, signal amplifiers, data acquisition units etc. are
determined through calibration, and where possible fixed errors repeated across measurements are eliminated.
For some measurement devices, accuracy values stated in the manufacturers’ literature are converted to
standard uncertainties using the following equation [4§]:

u= -2, (17)

If there is more than one independent source of uncertainty associated with a measurement, the final uncer-

tainty of the measured quantity is calculated as follows:

0.5

u = Zuf . (18)

Parameters such as the thermal efficiency and the reduced mean temperature are not measured directly
but are evaluated from direct measurements of other quantities (such as irradiance, temperature, flow-rates
etc.) through a relationship such as Y=f(X1, Xs,...X,,). If the measured quantities X are uncorrelated
independent variables then the standard uncertainty of the result Y is calculated as:

3 @Q) (u(Xp))?

k=1

0.5

wY) = (19)
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