PROCEEDINGS OF ECOS 2016 - THE 29™ INTERNATIONAL CONFERENCE ON
EFFICIENCY, COST, OPTIMIZATION, SIMULATION AND ENVIRONMENTAL IMPACT OF ENERGY SYSTEMS
JUNE 19-23, 2016, PORTOROZ, SLOVENIA

Experimental evaluation of a 3-D dynamic solar-
thermal collector model under time-varying
environmental conditions

Ilaria Guarracino, James Freeman, Christos N. Markides
Clean Energy Processes (CEP) Laboratory, Department of Chemical Engineering,
Imperial College London, London SW7 2AZ, UK, c.markides@imperial.ac.uk

Abstract:

Reliable dynamic models are required for the correct prediction of the performance of solar-thermal
collectors under variable solar-irradiance conditions. In this paper we present a 3-dimensional (3-D) dynamic
thermal model applied to three different collector geometries: a flat plate collector (FPC), an evacuated tube
collector (ETC), and also a hybrid photovoltaic-thermal (PVT) collector. Results from the model are evaluated
against real data from a series of dynamic and steady-state experiments performed in Limassol, Cyprus and
London, UK. The 3-D model equations are summarised and the test apparatuses and procedures are
described. In the transient response tests, the model is found to under-predict the time constant for the ETC
and PVT collectors by 35-55%, while for the simpler FPC the time constant is under-predicted by 20-35%.
The collector model is also implemented into a wider domestic hot-water system model that includes a hot-
water storage tank, in order to assess performance predictions over a diurnal operating period on an
intermittently cloudy day. The results are compared to a single-node quasi-steady state model that uses the
collector steady-state efficiency coefficients and a single-node dynamic model that uses a lumped collector
thermal capacity (determined using experimental and calculation-based methods in the European Standard
for solar collector testing). The 3-D model is shown to provide promising results that are within the range
predicted by the two single-node dynamic models. For the PVT collector simulated under intermittent
conditions, the predicted net daily energy gain to the store is found to be within 2% of experimentally
obtained results. By comparison, a quasi-steady state model based on the collector’s steady-state efficiency
curve is found to over-predict the thermal energy gain to the store by 8% over the same operating period.
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1. Introduction

Non-concentrating and low-concentration solar thermal systems have the potential to provide thermal
energy for water and space heating as well as for low-temperature thermodynamic heat-engine cycles
such the organic Rankine cycle (ORC), making them a low-cost and versatile technology for the
harnessing of renewable energy [1,2]. The dynamic behaviour of solar thermal collectors has an
important bearing on their annual performance that varies across different geographical settings. Year-
round intermittency of direct solar irradiance due to cloud interruption is a dominant feature of
northerly European climates such as the UK. Southern European locations such as Cyprus on the
other hand experience clear-sky conditions for the majority of the year, and solar hot water systems
are widely installed on most homes [3]. Steady-state testing and characterisation of solar collectors
according to the standardised method in EN 12975-2 [4] is well established in Europe. As a result,
steady-state performance data is published as standard by manufacturers and testing institutions and is
freely available for comparison via various online resources such as the Institute for Solar Energy
database [5]. The European Standard also includes experimental and calculation-based procedures for
characterising the dynamic performance of solar collectors. The calculation-based procedure is
typically preferred in practice due to its greater simplicity although its accuracy has been a matter of
critical discussion in subsequent reviews [6]. The experimental procedure on the other hand requires
suitable conditions when performed outdoors and can therefore be costly and time-consuming [7]. In
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an earlier paper, Guarracino et al. [8] presented a 3-D dynamic numerical model of a hybrid PV-
thermal (PVT) collector and used it to predict the annual thermal and electrical outputs for operation
in a UK setting. The thermal component of the model can be adapted to a wide range of solar
collector designs and geometries, making it promising as a flexible design and optimisation tool.
Furthermore, the ability simulate dynamic behaviour under variable climate conditions presents an
alternative/companion approach to the aforementioned dynamic characterisation methods with their
inherent limitations and difficulties. In this paper we present three variants of the 3-D dynamic solar
collector model adapted to different geometries based on real collectors, namely a flat plate thermal
collector (FPC); a photovoltaic-hybrid collector (PVT); and an evacuated tube collector (ETC). For
each model variant the collector is simulated under steady-state and dynamic solar irradiance
conditions and key performance parameters are compared with those predicted by employing the
experimental and calculation methods described in EN12975-2.

2. Methodology

In this section the 3-D numerical model is described for the three different solar collector geometries,
followed by a description of the experimental procedures used to evaluate the model under steady-
state and dynamic conditions. Finally a simple hot water system model is presented as a tool for use
with the collector model to assess the daily thermal energy yield in a dynamic climate simulation.

2.1. 3-D dynamic thermal model

The numerical model solves the energy balance at each component of the collector (glass, thermal
absorber, pipe and fluid, discretized as in Fig. 1). The following assumptions are used in the model: (i)
thermophysical properties are constant; (ii) the collector is well insulated (i.e. the thermal losses at the
collector edges and manifold are neglected); (ii1) the temperature between two pipes for the flat plate
PVT and thermal collectors is symmetrical; (iv) the circulating fluid flow rate is evenly distributed
between the individual tubes of the ETC and between the riser pipes of the FPC and PVT collectors.
The model takes into account the thermal capacity of the collector components and the energy balance
is solved numerically at each finite element. The main component energy balance equations are
summarised below (for the complete set of detailed equations refer to Guarracino et al. [8]):
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Fig. 1. a) Schematic of the PVT collector, each collector component is discretized into nodes along the
flow direction y, and in the x direction. b) Schematic of the ETC. Each component of the ETC (glass tube,
pipes and copper absorber) is discretized into nodes along the flow direction y, and in the x direction

Equation (1) is the energy balance for the glass cover which considers conduction between adjacent
nodes in the x and y planes, radiative losses to the sky, convective losses to ambient air, convective
and radiative heat transfer between the glass and the thermal absorber (or the PV module in the case
of the PVT collector), and the fraction of incident irradiance absorbed by the glass cover. Equation (2)
is the energy balance for the thermal absorber which considers radiative and convective heat losses to
the glass, conduction to the pipe/riser tube (described with the thermal resistance Rp), conduction
through the rear insulation and convection to the environment (described with the combined thermal
resistance R),ss), and the fraction of irradiance which is transmitted and then absorbed by the thermal
absorber. Equation (3) is the energy balance for the pipe which considers conduction along the flow
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direction y, convection to the fluid and conduction from the thermal absorber. Equation (4) 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. The heat
transfer coefficient correlations are taken from Incropera et al. [9] and Buchberg et al. [10], and are
given in Egs (5-8). Free convection in Eq. (5) is modelled as that for the top of an inclined plate.
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For the special case of the PVT collector, a PV module is laminated on top of the thermal absorber which
will absorb the incident solar radiation, converting part to electricity and the rest to heat. The fraction of
irradiance converted to electricity is 1 — S(Tpy — Ty), where Tpy is the PV temperature, § the
temperature coefficient (0.04 K™! for c-Si cells), and i, the electrical efficiency at a reference temperature
T,. For the special case of the ETC collector, each outer glass tube has been divided into two parts with
the top part radiating to the sky while the bottom part radiates to the ground. The energy balance is then
applied to the two sides of the glass tube. The cold fluid enters through the outer annulus of the coaxial
absorber while the hot fluid exits from the inner tube as shown in Fig. 1 (b). The manifold pipe is also of
a coaxial configuration, allowing for an even pressure drop and flow distribution across each tube.

2.2. Experimental methods
2.2.1 Apparatus

This section provides descriptions of the two solar collector testing configurations used to obtain
experimental data for evaluation of the 3-D numerical model. The first (Fig. 3 (a)) is located at the
Technical University of Limassol, Cyprus, while the second is located at Imperial College London,
on the roof of a building belonging to the Department of Chemical Engineering (Fig. 3 (b-c)). In the
experiments, the Limassol apparatus is used to test the FPC and PVT collector, while the London
apparatus is used to test the ETC. The details of the three collectors are listed in Table 1.

2.2.1.1. Limassol testing apparatus

The apparatus consists of collector, pump and storage tank in a closed-loop configuration. In this
configuration, water from the tank is directly heated in the collector and returned to the tank.
Alternatively, if constant inlet temperature to the collector is required as in the transient
performance test, the system can be configured in “open-loop” to directly take water from the utility
mains bypassing the storage tank and discharging the heated water to drain. Inlet and outlet
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temperatures to the collector are measured using K-type thermocouples. Fluid flow-rate is measured
using a turbine flow meter and can be adjusted by means of a needle valve. Solar irradiance is
measured using an Eppley PSP pyranometer, installed in the plane of the collector.

Fig. 3. Test setup: a) Solar collector testing apparatus with storage tank in Limassol used for
testing of FPC and PVT collector (shown); b) ETC collector, and c) control apparatus including
pump, electric heater, flow meter and temperature controller used in the London testing apparatus

2.2.1.2. London testing apparatus

This testing apparatus is based on the configuration described in Kreith and Kreider [11]. The system
features a closed-loop configuration with a circulation pump, but does not include a storage tank.
Inlet temperature to the collector is controlled by means of an electrical heater for heat addition and a
fan-assisted heat exchanger for heat rejection. The circulating fluid is a mixture of water and
propylene glycol (to avoid freezing during low ambient temperatures in winter). Inlet and outlet fluid
temperatures are measured using T-type thermocouples. Fluid flow-rate is measured using a turbine
flow meter and can be adjusted by means of a pump speed controller or bypass valve. Solar
irradiance is measured in the plane of the collector using a pyranometer by Davis Instruments.

Table 1: Solar collector properties, taken from manufacturers data [12-14]

FPC PVT ETC
Manufacturer/model Elcora 1.5 Solimpeks Powertherm Thermomax DF 100
Aperture area, m? 1.44 1.42 2.15
Mass (dry), kg 30.2 344 54.8
Fluid capacity, L 3.1 1.2 3.8
Number of risers/tubes 7 14 20
Riser/tube diameter, mm 15 8 8 (inner), 12 (outer)
No» 0.67 0.486 0.773
a,, m* K W' 4.859 4.028 1.43
a,, m* K2 W' 0.012 0.067 0.0059

2.2.2 Steady-state testing

For the steady state test, data points are obtained over a range of operating temperatures that are
representative of the range of the collector. Requirements regarding incidence angle, collector flow-
rate, minimum solar irradiance intensity and allowable variations in the steady-state measured
parameters are followed according the specifications in EN 12975-2. Instantaneous solar collector
efficiency is determined as follows:

Ne = Tfle(To - Ti)/GA = MNo— a,Tm — ayGTy, . )
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In order to determine the standard solar collector efficiency coefficients n,, a;, a, according to
EN12975-2 the instantaneous collector efficiency is plotted against the reduced mean temperature
Tr = (T, — T,) /G, where T is the linear average of the measured inlet and outlet temperatures, and
a second-order least-squares fit is applied to the data.

2.2.3 Transient performance testing

EN 12975-2 [4] contains two alternative methodologies for obtaining the parameters that
characterise the transient performance of solar collectors. These parameters are the time constant t
and the effective thermal capacity C. An experimental method is described for the time constant,
while the effective thermal capacity may be obtained either by an experimental method or a
calculation procedure. Both approaches will be compared in this study.

The time constant is obtained by exposing the collector to a step-change in solar irradiance and
recording the change in collector temperature with time between the initial state (State 1) and final
state (State 2). The final state is identified when the outlet temperature of the collector is no longer
observed to change significantly with time (< 0.05 K min!, as required by EN 12975-2), at which
point the collector is approximated to be in steady state. The step-change in irradiance is achieved
by initially shielding the collector from solar irradiance using a reflective cover. A steady fluid inlet
temperature is required for the duration of the tests, approximately equal to the ambient
temperature. The time constant T is the time taken for the transition from the initial state to the
instant at which the temperature rise through the collector is as follows:

(To - Ta)‘r = (1 - e_l)[(To - Ta)z - (To - Ta)l] . (10)
The effective thermal capacity parameter meanwhile provides a simplified approach to transient
modelling of a solar collector by a modification of the steady state efficiency equation to include an
additional time-derivative term. In this approach, the useful thermal power extracted by the solar
collector at a particular instant in time is approximated by:

_ _ dT,
ey (To = Ti) = M0A(KopGo + Ko,aGa) = A(Te = To) — aA(Te = Ta)? = C—=. (1)
A simple approximation method is presented in EN 12975-2 for estimating the effective thermal
capacity that requires only the mass of the individual material components of the collector to be
measured. The effective thermal capacity of each component is calculated as the product of its
mass, specific heat capacity, and a weighting factor p that describes the degree of thermal
interaction it has with the circulating 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 n element:

th = anMnCn . (12)
In the standard, recommended weighting factors are provided only for a simple example of a glazed
FPC which includes the absorber, insulation, glazing and heat transfer fluid, but not the frame or
fixing brackets which are assumed to be thermally isolated from the heat transfer fluid. Component
weightings applying to other collector designs (for example the manifold tube and casing for an
ETC) are not provided in the standard. This weighted-component calculation method is widely used
for determining the effective thermal capacity and is the approach used in the official test reports for
all three of the collectors compared in this study. However, an alternative experimental method is
also described in EN12975-2 that uses the same step-response procedure as for the time constant
test. By integrating and rearranging Eq. (11):

t2 . t2 t2 1 pt2
] Ano [, Gdt — thcy [ ATedt — AU [ (T = T)dt + 5 [ ATede |
o TC,Z - Tc,l .

Results from both methods are discussed and compared to 3-D dynamic model results in Section 3.3.

(13)
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2.3. Hot-water system model

The 3-D dynamic numerical model will be compared to a quasi-steady model based on the steady
state efficiency curve equation in Eq. (9) and a 1-D dynamic model based on the collector efficiency
equation with the added time-derivative term in Eq. (11). For the comparison, the FPC, PVT and ETC
collector models are implemented into a simple hot water system model, consisting of a pump,
collector and storage tank (see Fig. 4) based on the closed-loop arrangement of the Limassol testing
apparatus. This allows the models to be compared in terms of their predictions of the total thermal
energy transferred to the tank over a diurnal period. Two climate days will be compared: a clear day
with an approximately parabolic solar irradiance profile and a cloudy day with short periods of
intermittent cloud cover causing a high degree of variability in irradiance intensity. Climate data used
in the simulation was collected from the Limassol testing apparatus at a 1-second time resolution. For
the PVT system model, the simulation results will be compared to experimental performance data for
the real PVT collector operating in closed loop configuration with the storage tank on the days in
question, allowing further evaluation of the collector model integrated into the wider system model.

The default system model uses a fully-mixed (lumped) model for the storage tank. This will be
compared to an alternative tank model in which thermal stratification in the tank is modelled using a
1-D finite difference approach. For the latter model an energy balance is performed at each N node
of the tank. The thermal energy balance at each node is:

dlin |
M ncp T = me(Tt,N+1 + Tin-1 — 2Tt,N) —Udn (Tt,N - Ta)

k + Ak

+ ( A )Ac(Tt,N+1 —2Tn + Ty, n-1) -
Equation (14) is written for a discretization where each N node has the same height AH. The
thermal conductivity Ak is the thermal conductivity that accounts for the mixing at each node
interface and for thermal conductivity at the tank wall [15-16]. For a steel tank with a diameter of
0.30 m, Ak is 2.3 W/m K. For the top node, Tin+1 1s the collector outlet temperature, the fluid
leaves the tank at the temperature T 1, which is also collector the collector inlet temperature.

(14)

Node ]V, TtJN

Q Node1,Ty,

Fig. 4. Schematic of the solar-thermal hot water system model with stratified hot water storage
tank, representing the closed-loop variant of the Limassol testing apparatus

The system model parameters are chosen to simulate those of the experiment. The UA value of the
tank is 1.9 W/K, the tank volume is 100 L and the fixed flow rate is set to 1.68 L/min. The total
energy transferred to the hot water cylinder over the daily operational period is calculated as:

Qt,net = Mtcp(Tt,final - Tt,initial) . (15)

3. Results and discussion

3.1. Steady-state testing

The plots in Figs. 5 and 6 show a comparison between the numerical model values and the
individual test points for the PVT and ETC collectors from the official test reports and from a set of
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comparison tests performed using the apparatuses in Limassol and London respectively. Local
testing was not performed for the FPC collector as part of this study; however the numerical model
is compared to the test report values for this collector in Fig. 7.

In the case of the ETC collector, the test report conditions were limited to the typical range
encountered in water heating applications, with the inlet temperatures in the range 21-80 °C. In fact,
evacuated tube collectors are capable of operating with reasonable efficiency at higher temperatures
than this, which is of interest for alternative applications such as thermodynamic heat engines or
absorption refrigeration machines. Therefore, in the present study, additional steady-state efficiency
data is obtained for inlet temperatures up to 112 °C. The experimental data shows good agreement
with the manufacturer’s efficiency curve across the full range of test conditions.

The 3-D numerical model was used to simulate the performance of each collector under steady state
conditions. The environmental and operational input conditions were chosen where possible to
replicate the steady state test conditions reported in the official test report for each collector [12-14].
The numerical model shows a reasonable agreement with the experimental efficiency values in the
manufacturers test reports for each of the three collectors. The relative deviation in the predicted
thermal efficiency across the full range of values (reported to a 95% confidence interval) is 8% for
the FPC, 16% for the PVT collector and 12% for the ETC. At higher values of Ty, the numerical
model is found to deviate further from the experimental data, under-predicting the reduction in
collector thermal efficiency with increasing temperature.

0O  3-D numerical model (no air gap)
0.6 r
0 3-D numerical model (2 mm air gap)
0.5
0.4 a  Experimental data (present study)
i
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Fig. 5. Comparison of steady-state thermal efficiency data generated by the 3-D numerical model
with experimental data from testing in Limassol, and from the official test report
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Fig. 6. Comparison of steady-state thermal efficiency data generated by the 3-D numerical model
with experimental data from testing in London, and from the official test report
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Fig. 7. Comparison of steady-state thermal efficiency data generated by the 3-D numerical model
with experimental data from the official test report

For the PVT collector, some disagreement between the experimental data and the manufacturer’s
test report data was expected because electrical power was not being extracted from the PV module
during the Limassol tests (while the manufacturer’s data represents a continuous electrical output
operation at the maximum power-point). This should result in a higher thermal efficiency for the
Limassol tests than that predicted by the manufacturer’s thermal efficiency curve. However, the
opposite was found to occur, with the Limassol experiment results showing a significantly lower
thermal efficiency than expected. Upon inspection of the collector it was found that there was a
poor thermal contact between the PV module and the copper sheets that form the thermal absorber
plate, due to insufficient application of thermal grease between the layers. This situation can be
emulated by modifying the model to include a small air gap between the PV module and the
absorber plate. By setting the thickness of the air gap to 2 mm the agreement between the numerical
model and the Limassol test data is found to significantly improve, as shown in Fig. 5.

3.2. Time-constant and effective thermal-capacity

The experimental conditions for the step-response tests are presented in Table 2. The same values
are used as inputs to the numerical model, and the experimental and numerically obtained values of
T for each collector are compared in Table 3. Experimental values of C are also presented in the
table, and compared to those provided in the official manufacturer’s test reports, which in all cases
are obtained using the non-experimental weighting-factor method discussed in Section 2.1.2.

Table 2. Experimental conditions for the transient response tests, the deviation from the mean
measured value of each parameter over the period of the test is given to a 95% confidence interval

Collector Location V, I/min G, W/m? T,, °C Ti, °C

Test #1 FPC Limassol 1.7+£0.1 950 £ 20 20.5+0.6 219+0.2
Test #2 FPC Limassol 1.7+0.1 950 + 30 20.2+0.6 209+0.2
Test #3 PVT Limassol 1.7+0.1 930 £ 20 22.6+0.6 25.0+0.2
Test #4 PVT Limassol 1.4+0.1 910+ 20 22.1+04 262 +04
Test #5 PVT Limassol 1.7+0.1 930 £40 183+0.4 20+ 04

Test #6 ETC London 22+0.1 840+ 10 16.3+£0.8 15.1+£0.6
Test #7 ETC London 23+0.1 900 £ 20 17.6 £0.8 16,6 £1.0
Test #8 ETC London 25+0.1 950 £90 20.0+£0.7 19.8+1.2
Test #9 ETC London 25+0.1 910 £ 50 19.6+1.0 19.1+£0.6
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Table 3. Transient performance tests results, the time constant is compared to the value obtained
using the 3-D dynamic numerical model, while the effective thermal capacity is compared to the
manufacturer’s value obtained using the weighted-component method

Collector Experimental results Numerical model * Manufacturer value
T,$ Cexp, KI K! 7,8 Covt, KIT K

Test #1 FPC 115 13.9 75 14.9
Test #2 FPC 98 15.8 79 '
Test #3 PVT 545 292.9 140 (272)
Test #4 PVT 605 195.6 191 (332) 20.3
Test #5 PVT 516 165.7 179 (269)
Test #6 ETC 283 77.8 117
Test #7 ETC 292 65.7 107 20.1
Test #8 ETC 189 68.7 96
Test #9 ETC 204 82.2 82

* Value reported in brackets is the PVT model modified to include the 2 mm air gap between PV module and absorber

In all cases the values for T determined using the numerical model are smaller than the experimental
values. The temperature response of the collectors is plotted against time in Figs. 8 and 9. For the
PVT collector, results are shown for the model with and without the air gap correction described in
Section 3.1. For the FPC, the numerical model under-predicts the response time of the collector by
between 20-40%. The FPC effective heat capacity value calculated from the experimental data also
agrees very closely with the manufacturer’s value, which is obtained using the weighted component
method. For the PVT and ETC collectors the difference between the numerical and experimental
results is more significant. For the PVT collector, the average value of 7 obtained from the
experimental results is 1-2 times larger than that obtained from the numerical model corrected for
the air gap between the PV module and thermal absorber, while for the EPC it is 2-3 times larger.
The EPC is more complex in design than the FPC, with a larger number of material components in
thermal interaction. For the PVT and the ETC collectors, the values of C calculated using the
experimental data are also significantly larger than the values presented in the manufacturer’s test
report found by summing the weighted component thermal capacities.
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Fig. 8. Step response of the PVT collector, Test #3: a) collector inlet and outlet temperatures, ambient
temperature and solar irradiance (see Table 2 for test conditions);, b) comparison of the numerical
model with experimental results, showing collector temperature rise (T, — T;). Numerical results are
presented for the model with and without a 2 mm air gap between the PV layer and copper absorber
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Fig. 9. Step response of the ETC collector, Test #4: a) collector inlet and outlet temperatures,
ambient temperature and solar irradiance (see Table 2 for test conditions); b) comparison of the
numerical model with the experimental results, showing collector temperature rise (T, — T;)

3.3. Factors influencing the effective thermal-capacity

It was shown in Section 3.2 that the time constant of the PVT and ETC collectors was significantly
underestimated by the numerical model when compared with the experimental results. Furthermore,
the effective thermal capacity values determined from the experimental data are less than those
obtained from the weighted component calculation method in the official test reports for each
collector. In the latter method, only the thermal capacity of certain components are included in the
calculation, based on their estimated degree of thermal interaction with the heat transfer fluid. In
Table 4, the full list of material components making up the ETC and test assembly are shown. The
mass of each component was measured and the fluid capacity of the collector tubes and manifold
piping were also measured. The recommended weighting factors for the components included in the
effective heat capacity calculation according to EN 12975-2 are included where available.

Table 4. ETC component masses (determined by weighing), specific heat capacities and weighting
factors (according to EN 12975-2)

Component Material M, kg cp, kI kg' K p,-[1]
Absorber plate/tubing copper 12.7 0.4 1
External glazing borosilicate glass 26.5 0.8 0.014
Insulation foamed melamine resin 0.06 1.4 0.5
Heat transfer fluid water/propylene glycol mixture 43 3.6 1
Manifold pipe copper 2.1 0.4 -
Manifold casing aluminium 6.0 0.9 -
A-frame/brackets aluminium 18.6 0.9 -
Instrumentation sections brass/copper 5.2 0.4 -

Components such as the frame and the manifold d casing are assumed to be thermally isolated from
the collector fluid, but thermal bridging due to poor installation practices can render this assumption
invalid. The glazing is also assumed to have minimal thermal interaction; however a loss of vacuum
in one or more tubes will result in convective heat transfer between the copper absorber and the glass.
In order to investigate the validity of the assumption that thermal interaction between the fluid and the
external/structural elements of the collector (in particular the frame, glazing and manifold casing) is
negligible, a series of infra-red images were taken as the circulating fluid is raised to an elevated
temperature and then maintained at steady state. Meanwhile, temperatures were measured with
thermocouples located at various points on the frame, glazing and manifold casing. The image in
Fig. 10 shows that the glazing and manifold casing are reasonably well thermally-isolated from the
fluid. Some hotter regions are identified at the points of connection between the tubes and the
manifold, and in the instrumentation sections connected at the inlet and outlet (comprising of brass



PROCEEDINGS OF ECOS 2016 - THE 29™ INTERNATIONAL CONFERENCE ON
EFFICIENCY, COST, OPTIMIZATION, SIMULATION AND ENVIRONMENTAL IMPACT OF ENERGY SYSTEMS
JUNE 19-23, 2016, PORTOROZ, SLOVENIA

fittings including bleeding and isolation valves, and ports for temperature and pressure sensors).
However thermal bridging to more significant structural elements was not found to occur, and in
particular the frame was also found to have little or no thermal interaction with the fluid.

Fig. 10: Infrared image of the ETC in steady state operation with T; = 50 °C, and G < 100 W m™

3.4. Hot-water system performance

The results of the hot water system simulation with the 3-D dynamic numerical model for the FPC,
PVT and ETC collectors are presented in the Table 5. The results are compared to a quasi-steady
state (QS) collector model that uses the steady state efficiency in Eq. (9) to predict the rise in
enthalpy of the fluid flowing through the collector at each time instant; and a single-node (lumped)
dynamic collector model based on Eq. (11) using the effective thermal capacity values obtained
from the experimental and weighted-component methods. Results are presented for a clear-sky day
and an intermittently cloudy day. Results for the PVT system model are compared and evaluated
using experimental data for the real PVT system. For the 1-node dynamic collector model, two
comparison values of effective thermal capacity are used. The first is the manufacturer’s value
determined using the weighted-component thermal capacities (Cy,;). The second is the average of
the experimentally obtained values (Cexp) presented in Table 3. To evaluate the extent to which
thermal stratification in the hot-water tank influences the daily system performance, simulations are
also performed for a 2-node, stratified tank model and the results compared to those for the default
fully-mixed (lumped) tank model. The difference in daily net energy accumulation between the two
tank models is found to be ~1% for the system configuration shown in Section 2.3.

For the PVT system, the 3-D dynamic model shows reasonably good agreement with the experimental
data. The net thermal energy increase to the tank is predicted to within 2% of the experimental value for
the cloudy day and the final tank temperature is predicted to within 1 °C, as shown in Fig. 11a.
Figures 11b and 11c¢ show that the peaks in instantaneous energy in response to sudden increases in solar
irradiance are mostly over-predicted by the 3-D dynamic model, while the delay in the response time to
these peaks is consistently under-predicted by 1-2 min in comparison to the experimental results. This
supports the findings in Section 3.2 that suggest the thermal inertia of the collector is underestimated by
the model. The most pronounced period of discrepancy between the model and the experimental data
occurs at the very beginning of the day when solar irradiance is low and the angle of incidence is large.
The temperature rise through the collector is over-predicted by 1-2 K during this period.

The single-node collector model simulated with the experimentally obtained effective thermal capacity
Cexp 1s shown to under-predict the net thermal energy transfer to the tank by 4% over the cloudy-day
simulation period, however the instantaneous peaks in absorbed thermal energy predicted by this model
coincide relatively well with the experimental data. The single-node dynamic model using Cy
(obtained via the weighted-component thermal capacity method) is found to result in a 6% overestimate
in net energy gain compared to the cloudy-day experimental results. This model also shows an
appreciable response to the very fast spikes in irradiance (such as that occurring in Fig. 11c at 12:33),
which are entirely attenuated by the collector in the experimental results. The quasi-steady model
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responds instantaneously to variations in irradiance, as shown in Fig. 11, and results in the largest over-
prediction (8% on the cloudy day) in net thermal energy gain to the tank of all the models.

Table 5. Solar hot water system simulation results for cloudy day and clear-sky day showing the net
energy gain to the tank over the simulation period; experimental results are shown for the PVT
system obtained under the same climate conditions as used in the simulations

Cloudy day
Qt,neta MJ

FPC

PVT

ETC

Clear-sky day
Qt,neta MJ

FPC

PVT

ETC

3-D dynamic model
Quasi-steady model

1-node dynamic model (Cy,)
1-node dynamic model (Cexp)
Experimental results

6.72
6.20
6.14
6.14

3.20
3.52
3.47
3.12

3.26

15.54
13.59
13.34
12.76

11.92
10.85
10.52
10.52

5.95
6.94
6.84
6.16

4.81

26.80
23.62
23.16
22.11
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Fig. 11. Diurnal simulation plots for the 3-D dynamic model of the PVT collector, compared to
experimental data for the same irradiance profile: a) tank temperature; b) collector temperature
rise (morning), c) collector temperature rise (afternoon); also shown are simulation results for the
I-node quasi-steady (QS) collector model and the I[-node dynamic collector model using the
lumped collector thermal capacities C,,; and Cexp
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4. Conclusions

A 3-D dynamic solar-thermal collector model was adapted to three different geometries based on
real collector designs: a flat plate collector (FPC), an evacuated tube collector (ETC), and also a
hybrid PV-Thermal (PVT) collector. Steady-state and transient step-response simulations were
performed using the model and these were compared with experimental data obtained from outdoor
testing in Limassol, Cyprus and London, UK. The parameters chosen for the comparison were the
steady-state efficiency, and the time-constant and effective thermal-capacity of the collector.

The steady-state efficiency predicted by the 3-D numerical model showed good agreement with the
experimental data for each of the three collector configurations. In the transient response test the
numerical model showed reasonable agreement with experimental results for the simple FPC, but
under-predicted the time constant for the ETC and PVT collectors. The latter two collectors are
considerably more complicated than the FPC, with features that involve greater modelling
complexity such as the optical efficiency and thermal loss mechanisms in the manifold for the ETC,
and the PV-thermal absorber interface for the PVT collector. For the effective thermal-capacity, the
value obtained using the numerical model was compared to values obtained using the weighted-
component calculation method and the transient-response experimental method described in EN
12975-2. The former method produced lower values compared to the predictions of the numerical
model, whereas the latter method produced higher values than the same model.

Finally, dynamic simulations over a day-long period of operation under clear-sky and
cloudy/intermittent solar conditions were performed for each collector in a closed-loop hot-water
configuration with a storage tank. For the cloudy-sky simulations with the PVT collector, the 3-D
dynamic model under-predicts the net energy gain by 2% relative to the experimental data. For the
clear-sky simulations the 3-D dynamic model over-predicts the net energy gain by 24%, which
appears to be due to an underestimation of the thermal losses from the collector at higher
temperatures. However for both simulations the results are within the range predicted by 1-node
models using the lumped thermal capacities from the methods in EN 12975-2. The numerical model
therefore shows strong potential as a versatile tool that can be applied to a range of collector
geometries and can predict performance under dynamic conditions to within a margin of error that
is comparable to the accepted alternative methods. Further work will focus on experimental
validation of the FPC, ETC and PVT collector models under a wider range of operating conditions,
and improvements to the modelling of the thermal losses from the collectors at higher temperatures.
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Nomenclature

Symbols

A area, m>

a,, a, solar collector steady-state heat loss coefficients, W m? K!, W m? K~
effective heat capacity, J K'!

specific heat capacity, J K™ kg'!

diameter, m

irradiance, W m™

heat transfer coefficient, W m? K!

solar collector incident angle modifier

mass, kg

TxRTQUL A



m mass flow rate, kg s™!

N number of riser pipes, node

R thermal resistance, W m? K!

Q thermal energy, J

0 heat flux, W

Pg1 electrical power, W

p weighting factor

T temperature, K

Ty reduced mean temperature, m*> K W-!

t time, s

U overall heat loss coefficient, W m? K'!
X,z Cartesian axis directions

Greek symbols

a absorption coefficient

B temperature coefficient, K!

y collector tilt angle, rad

n, 1o  efficiency, zero-loss efficiency

T time constant, s

Ta absorption coefficient of a glazed collector
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Subscripts and superscripts

OU‘}NO

exp

free

anlic

reference state

ambient air

absorber

beam irradiance

collector

Conduction

diffuse irradiance
experimental method

fluid

free convection

glass cover

Hydraulic diameter

inner, inlet

node

outer, outlet

pipe or tube

solar cell

sky

thermal

tank

top surface of inclined plate
weighted component method
x (fin) and y (flow) direction
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