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Abstract

The combination of solar photovoltaic-hybrid (PVT) and ground source heat pumps (GSHP) can be a promising
pathway towards the decarbonization of heating, coolingand electricity productionin buildings. However, the
concept of combining both technologies is still at an early stage in commercialization. As part of an ongoing 4-
year research project, numerical modelling techniques have been applied to develop a digitally optimized PVT
collector prototype specifically designed for heat pump integration. The goal of this study is to validate such
models with a commercially available finned PVT collector against empirical data, with experiments carried out
at an outdoor laboratory in Stockholm. Thermal and electrical outputs are measured for arange of low inlet fluid
temperatures with varying flowrate, ambient temperature, solar irradiance and wind speed. R? values of 0.99 and
0.89 for electrical and thermal output respectively, show that the numerical model can predict real world
performance of the collector witha high degree of certainty. The performance results showthat the studied finned
PVT collector has the potential to generate 800 W/m? of thermal power for a temperature difference of 30 K
between inletand ambient, and asolarirradiationof 1000 W/m?2. Even at a lowirradiance of 200 W/m?, a specific
thermal output of 350 W/m?2 can be achieved, for a difference between inlet and ambient temperatures of 20 K.
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1. Introduction and Background

A promising pathway to the electrification and decarbonization of buildings are solar heat pumps (SHP). There
are numerous methods for combining the two technologies; however, one increasingly interestingapproach is the
series integration of photovoltaic/thermal hybrid collectors with ground source heat pumps (Kamel et al., 2015;
Sommerfeldt and Madani, 2017). The design allows for shorter borehole lengths (Bertramet al., 2012), and in
larger buildings with multiple boreholes, spacing reductions can reduce land requirements by up to 87%
(Sommerfeldtand Madani, 2019).PVT also has the potential to regenerate degraded boreholes inolder heat pump
systems without the need for additional drilling. In addition, the operating temperatures in the borehole circuit
are relatively low (-10°Cto +20°C), allowing for a higher PVT collector thermal and electrical efficiency, and
reduces costs by removing the need for glazing or insulation on the backside. Additionally, the electrical gains
fromlower PV cell temperatures is enough to cover the additional pumping power, making the additional thermal
gains energetically free (Sommerfeldt and Madani, 2019; Vittorini etal., 2017).

When comparedto solar thermal, the P\VT+GSHP conceptis relatively undeveloped and thus has had little design
dedicated to PVT collectorsas part of aheat pump system. When the thermal gains come from the solar collector
and the surrounding air, the cost-benefit balance can change meaning a comprehensive techno-economic analysis
is needed to identify the improvement potential of the current design. Chhugani etal., (2021) and Schmidt et al.,
(2018) investigated the empirical performance of PVT collectors as asingle source for aheat pump, highlighting
the system performance benefits of this configuration.

A 4-year research project aims at advancing the development and commercialization of an integrated heating,
cooling and electricity system solution for European buildings using solar PVT and GSHP technology. One of
the work packages in this project consists of applying numerical modelling techniques to develop a digitally
optimized PVT collector prototype specifically designed for heat pump integration. Several designs have been
modeled and studied with particular focus on enhanced heat capture from the surrounding air. Mass and heat
transfer mechanisms as well as fluid dynamics have been considered in numerical modelling tool Comsol
Multiphysics. Model validation isa critical part of the prototype development, so it becomes necessaryto validate
the results obtained from the simulations with experimental data in outdoor laboratory conditions.
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2. Objective and Methodology

The aim of this study is twofold. Firstly, it attempts to validate the numerical model of an unglazed, uninsulated
PVT collector prototype with fins, specifically designed for heat pump integration in low temperature
applications. This is done by using the commercially available numerical modelling software COMSOL
Multiphysics, and comparing the results with the data obtained from the experimental testing of the collector
prototypes. Secondly, it aims at quantifying the performance of afinned PVT collector by presenting the thermal
performance curves for different flowrates and solar irradiance leels.

The experiments are performed in an outdoor setting using various flow rates and inlet temperatures during
several days in July and August 2022 in Stockholm, Sweden. This provides a suitable range of ambient
temperatures and solar irradiance levels to match the range of reduced temperatures tested in the simulations. To
control for dynamic conditions (e.g. wind speed), measurements are selected and discretized such that they
represent a quasi-steady state for comparison to steady-state results from the numerical model. Hourly averages
for 30 different empirical data points are considered for the validation of the model. Outlet fluid temperatures
from the PVT collectors, as well as thermal output and electricity generation are monitored for the 14 PVT
collectorarray. Thermal and electrical outputs are assumed to be evenly distributed between all the collectors of
the array, so the measured data is divided by 14 to get the measured values for one PVT collector.

The following step is to build the numerical model, where it is necessary to manually adjust the unknown
parameters, such as thermal resistance between PV and absorber or the convective heat transfer coefficient on
frontand rearsides of the PVT collector, so that they can fit the empirical data in the best possible way. The same
boundary conditionsas in the experiments are thenused as input in the numerical model, where outlet temperature
from the PVT and PV cell temperature are obtained. These parameters are then used to calculate the thermal
power and electricity generation. Outlet fluid temperature, PV electricity production and thermal output are used
as validation metrics; tested using mean absolute error (MAE), mean biased error (MBE), and coefficient of
determination (R?). The model that best fits the empirical data is then the one that minimizes the errors and gives
the highest coefficient of determination. Finally, the performance curves of the PVT collector at different flow
rates and solar irradiation lewels is plotted against the reduced temperature difference, based results from the
simulations of the numerical model.

3. Method

In order to meet the objectives, it is required to have an testing facility where the PVT collector prototypes can
be evaluated, and a model in Comsol Multiphysics software. In the following sections both the testing facility
and numerical model are described in detail.

3.1. Testing facility

Testing of the PVT collectors is performedat an outdoor laboratory facility, located on the roof of the Energy
Technology Laboratory at KTH Royal Institute of Technology, in Stockholm, Sweden. It consists of two
independent arrays of 14 PVT and 2 PVT collectors respectively, mounted on a south-facingroof with a tiltangle
of 45°. For the purpose of this study, only the 14 PVT collector array is considered. The larger PVTarray is made
up of two subarrays connected in series, where each subarray has seven collectors connected in parallel, for a
total of 14 PVT collectors. The heat transfer fluid in the PVTs is an ethylene glycol — water mixture with a
volumetric ratio of 25/75. The fluid is temperature controlled using a domestic heat pump, enabling supply
temperatures down to -5 °C during summer days. This is done by connecting the collectorarrayto a 300 L cold-
water storage tank, where the evaporator of a 3-12 kW variable speed ATLAS Thermia heat pump cools down
the heat transfer fluid in the tank and generates the low temperatures required at the inlet of the PVT collectors.
The maximum source temperature of the heat pump at the inlet of the evaporator is 20 °C, and the maximum
heating capacity of 12 kW is achieved at B5/W35 and a compressor speed of 5300 rpm. The testing facility also
includes a hot water storage tank and a 10 kW Alfa Laval air-water heat exchanger for heat dissipation. The PVT
collectorarrays and mechanical room can be seen in Fig. 1, and a flow chart of the system with its monitoring
equipment can be seenin Fig. 2.

The PVT collectors have been provided by Swedish startup Solhybrid i Smaland, and consist of aglass-to-glass
PV module with an aluminium manifold mechanically pressedagainst the rear glass. Having glass on the backside
ofthe PV panel, as opposedto conventional PV, allows for a greater contact with the heat exchanger and increases
mechanical strength, at the expense of an increased thermal resistance (Sommerfeldt and Ollas, 2017). The
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manifold has a trough that fits a 12 mm copper pipe, which is also mechanically fixed. Thermal grease is added
between the rear glass and aluminium manifold, as well as betweenthe pipe and the trough to improve the thermal
contact between the different surfaces. The thermal absorber-exchanger consists of six aluminium manifold and
copper pipe units, each 150 mm wide and 1600 mm long, and are connected in a traditional parallel/harp
configuration.

Fig. 1. Testing facility with mechanical room (left) and PVT collectors (right)
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Fig. 2. System diagram with relevant measuring equipment

The PV module used for the PVT collectors is model PLM-285MA-60DG, a 60-monocrystalline-cells panel
manufactured by Perlight Solar. The electrical ratings and specifications of the PV module are presented in Tab.
1. The conwersion from the direct current (DC) generated by each module to alternating current (AC) is done by
14 Enphase 1Q7 microinverters, one connected to each module.

Tab. 1.Hectrical data of selected PV module

Efficiency Open-circuit  Short-circuit  Voltage at Currentat  Temp. coeff.
(nel) VOItage (Voc) current (Isc) Pmax (Vmp) Pmax (Imp) Pmax (ﬂ)
285W 17.52% 38.80V 9.32A 3243V 8.79 A -0.40 %/K

P max (Wp)

A heat power meter is used to measure inlet and outlet temperatures to and from the PVT collectors, as well as
flow rate and thermal power. In addition, a PT1000 temperature sensor is connected to the outlet of the PVT to
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cross validate the measurements given by the heat meter. The entire system is monitored by two data loggers:
one that tracks the electricity production from the microinverters, and one that tracks the heat pump performance,
flow rates and the temperature levels within the system. The weather data is collected from a weather station
installed directly above the PVT array, where ambient temperature, relative humidity, dew point, wind speed and
direction are monitored. Solar irradiance is measured by a solar irradiance meter, located in the plane of the PVT
collectors next to the array. All the measured data is obtained in 1-minute time steps, except for the electricity
production that is measured every 5 minutes. A summary of the measurement equipment and the parameters that
are being measured is presented in Tab. 2. Although there are other parameters that are being monitoredin the
system, such as compressor power or brine temperatures, only those relevant for this study are presented here.

Tab. 2. Measurement equipment and monitored parameters

Equipment Quantity Nomenclature
Weather Station An_wblent temperature (outdoor) [°C] T amb
Wind speed [m/s] )
Solar irradiance meter Incident solar irradiation [W/m?] G
Thermal power [W] Q_th
Volumetric flowrate [m3/h] q
H VMM1 and VMM2 . .
eat power meter ( and ) Inlet temperature to PVT [°C] T1 in&T2_in
Outlet temperature to PVT [°C] Tl out&T2_out
Microinverters Electrical power [W] P_el

3.2.COMSOL model description

The PVT collectoris modelledas a 1.6 x 0.9 m flat plate representing the glass-glass PV panel, and a metal
thermal absorber with fins mechanically pressed to the back side. The PV panel consists of 5 layers: front glass,
EVA encapsulate, silicon cells, EVA encapsulate, and rear glass, whereas the thermal absorber consists of the
aluminum manifold and copper pipes that were described in the previous section. A thermal grease layer of 0.5
mm is added between the rear glass and aluminum manifold. To account for the imperfect thermal contact
between the PV panel and absorber, the conductivity of the thermal grease that best fits the model is found to be
0.020 Wm 1K1 (thermal resistance of 0.017 m2KW-1) whichis within the range of thermal resistance values of
0.010-0.040 m?2KW-1 foundby Sommerfeldtand Ollas (2017) intheir study of a similar collector. Itis important
to highlight that the thermal conductivity of the thermal grease also considers the imperfect bonding of absorber
and PV, and consequent presence of air, which explains the low value. A summary of the material layers and
properties is presented in Tab. 3, based on the study by Sommerfeldt and Ollas (2017).

Tab. 3. Material layers and properties

Thickness Density Conductivity Heat Capacity

Layer Material [mm] [kgm3] [Wm' K1] [Jkg1K]
PV Silicon 0.225 2330 148 677
EVA EVA 0.5 960 0.7 2090
Glass Glass 25 2530 18 500
Thermal grease Thermal grease 0.5 2600¢ 0.02 1100¢
Absorber plate Aluminum ~1.75 26902 2182 9002
Tube Copper 1 8954 390 383
Fluid Ethylene glycol - water - Vary w/temp 0.6 4186

2 ASM International Handbook Committee, 1990
b Cristofari et al., 2009

¢ (Thermal Management, n.d.)

In order to reduce the required computational time and take advantage of the fact that the absorber consists of six
identical and symmetrical manifold-pipe units, only one sixth of the PVT collector is modelled in COMSOL
Multiphysics. An even flow distribution among all pipes and all collectorsin the systemis considered. A cross
sectional diagram of PVT collector can be seenin Fig. 3.
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Fig. 3. Cross sectional diagram of the modeled PVT collector

Since the fluid flowfalls in the laminar regime for all the measured flowrates, both laminar flowand heat transfer
in solid and fluids interfaces with a non-isothermal flow multiphysics coupling are set up in COMSOL
Multiphysics software. The PV part of the collectoris modeled using a simple efficiency approach, where the
electrical efficiency (n,,) is given by equation n,;, = no X [1 — By (Tpy — Tres )], being 7, the efficiency of the
PV cell at a reference temperature T,., ¢, Ty, the actual temperature of the PV cell, and S, the factor that governs
the temperature dependence. The transmittance-absorptance factor is set at 0.81 (Sakellariou and Axaopoulos,
2018; Simonetti etal., 2018), whereas the sky temperature (T, ) is given by expression Ty, = 0.0552 X T;;7,
(Duffie and Beckman, 1991).

The effect of wind speed on heat losses is asignificant factor for unglazed PVT collectors (Sandnes and Rekstad,
2002). There are several methods to calculate the convective heat transfer coefficient in relation to wind speeds
presented in the literature, but the model that best suits this case is a combination between the one presented by
Cristofari et al., 2009 on the rear side of the collector, and the one presented by Watmuff etal., 1977 on the front
side of the collector. Accordingto Cristofarietal.,2009 , the convective heat transfer coefficient (hc) withambient
air depends on whether the subject surface is on windward or leeward side and can be expressed by
he=11.4+5.70Wm2K-1 and he =5.7 Wm2K-! respectively. In this case, the rear side of the collector is
considered to be on leeward, since for most of the hours in the period of study the wind is coming from the south
orsouthwest directions. Thus, hcis setat 5.7 Wm-2K-1. The convective heat transfer coefficient model onthe front
side of the collectoris set at by hc = 2.8+3v Wm2K-1 (Watmuff et al., 1977). The reason why a lower hc might fit
the model better thanthe higher one presentedby Cristofarietal.,2009, is because of the effect of the full collector
array as compared to a single collector. Frost formation, condensation gains and nighttime operation are not
considered in the model.

In the testing facility there are two subarrays connectedin series and each subarray has seven collectors connected
in parallel. Assuming that the volumetric flowrate is evenly distributed between the PVT collectors inthe array,
the flowrate through each collector is calculated as 1/7 of the total volumetric flowrate into the array. Since the
outlet temperature is measured at the end of the second subarray, the simulationis performedintwo stages: the
temperature at the outlet of the first PVT collector is obtained from the simulations, and it is used as inlet
temperature for the second simulation. The results obtained from this second simulation is the one used for the
calculation of the thermal output, which is then divided by two in order to calculate the value per module.

3.3. Performance evaluation
The performance of the PVT collectors is evaluated using three metrics:
e Thermal output (Q_th)in W for model validation
o Electrical output (P_el) in W for model validation
e Specific thermal output (q_th) in W/m? for the evaluation of the performance curves

When evaluating the thermal performance ofthe PVT collector fordifferent flowratesand solar irradiation leels,
the specific thermal output is plotted against the reduced temperature difference, definedas T,..4 = (T; — T,)/G
where T; is the inlet temperature to the collector, T, the ambient temperature, and G the solar irradiation.

To evaluate how well the numerical model fits the empirical data, three different statistical measures are used.
Firstly, the Mean Absolute Error (MAE), which is calculated as the sum of the absolute errors divided by the
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number of observations or data points, representing the average of the absolute errors. The expression for the
calculation of MAE can be seenin (eq.1), where n is the number of observations, J; is the simulated or predicted
value and y; the measured value.

1 .
MAE = — iy =il (eq. 1)

Another statistical method used for the validation of the model is the Mean Biased Error (MBE), which is used
to estimate the average bias in the prediction made by the model. A positive MBE means that the model is
overestimating the dataset, whereas a negative MBE means that the model is underestimating the dataset. The
expression for the calculation of MBE can be seen (eq.2).

1 ~
MBE =137,(5; - ) (eq.2)

The coefficient of determination (R?) is the final statistical method to evaluate the accuracy of the model with
regards to the measured data. It compares the variance of the dependent variable with the total variance. In other
words, it helps to understand how differences in the dependent variable (simulation results), can be explained by
the differences ina second variable. It shows how strong a linear relationship is between two variables, and is
represented with a number between 0 (fails to explain variance) and 1 (fully explains variance). It can be
calculated with (eq.3), where RSS is the sum of the squares of residuals, TSS the total sum of squares, and y the
mean of the observed or measured data.
RSS _ Y ilyi—9:)?

2 —q _Boo g _&iViTVi)
R*=1 o 1 Y r7)? (eq. 3)

4. Results

Of all the data gathered, 30 different hours of measurements are selected, based on the requirement that there
should be 60 sequential measurements with a determined level of variance for each of the different measured
parameters. If that condition is met, then it is assumed that the conditions are steady state for that hour, and it is
then used as a single data point. The level of variance is determined by the Coefficient of Variation (CV), which
is defined as the standard deviation divided by the mean of the sample. The acceptable CV for each of the input
parameters is presentedin Tab. 4.

Tab. 4. Acceptable coefficient of variation for measured parameters

Parameter Acceptable CV
Volumetric flowrate <10%
Inlet temperature <10%
Ambient temperature <10%
Solar irradiance <30%

Although the original idea was to have a low variability of wind speed measurements, this was deemed
impossible. However, the collectors have a relatively high thermal inertia, so the variance in wind speeds should
have a minimal impact on the fluid temperatures (Sommerfeldt and Ollas, 2017).

Tab. 5 shows the values for the different boundary conditions. The range of measured ambient temperatures in
the 30-point data set was between 13 °C and 24 °C, with an even frequency distribution along the range. Inlet
temperatures varied between 1 °C and 12 °C, with 40 % of the measurements occurring between 6 °C and 8 °C.
When looking at solar irradiation levels, almost half of the data points were below 400 W/m?2, however, 20 % of
them were over 800 W/m?. The variation of average wind speeds was in the range of 0 to 7 m/s, with a quite even
distributionalong the range. Volumetric flow rate varied was mostly around 80 Ih-Tm-2, with a few experiments
performed at lower values.

The measured values of ambient temperature, inlet temperature, solar irradiance, wind speed and flow rate are
used as inputs in the COMSOL model, where outlet temperature and average PV cell temperatures are obtained
as outputs. Outlet fluid temperature is then used to calculate the thermal output of the PVT collector and thermal
efficiency, whereas the average PV cell temperature is used to calculate the specific electrical output and the
electrical efficiency.
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Tab. 5. Measured values of boundary conditions

Flow rate Inlet Temp. Ambient Temp. Solar irradiance Wind speed
[1him2] [°C] [°C] [Wim?] [m/s]
81.4 6.13 24.23 73.0 4.7
81.2 5.89 22.83 235 45
81.8 6.50 21.89 300.2 4.6
795 5.80 19.76 142.9 6.7
82.1 6.77 19.42 7125 6.3
27.2 5.59 19.28 0.0 34
44.2 5.36 16.53 46.3 2.6
30.3 5.36 18.36 0.0 1.6
304 4.80 16.99 0.0 2.6
81.2 5.88 20.11 274.3 5.0
81.1 5.83 20.15 191.7 5.3
34.7 5.33 17.30 83.2 25
39.0 6.21 16.68 425 15
82.8 7.63 16.85 450.7 6.4
82.5 7.48 18.51 535 6.7
84.6 8.31 18.24 256.4 4.4
27.9 5.74 18.19 0.0 1.3
82.7 8.16 13.48 2219 0.3
74.7 7.69 15.58 174.8 0.8
43.8 731 14.44 66.2 0.0
85.3 9.89 18.21 1021.7 2.8
86.5 11.41 20.84 945.8 5.1
86.2 10.99 20.49 857.5 4.2
66.8 1.78 21.21 491.0 1.9
81.9 6.29 20.70 542.0 6.8
82.0 6.83 20.15 671.9 52
78.7 8.48 13.48 545.7 05
83.9 9.33 16.87 882.9 24
88.5 11.03 18.93 693.6 52
85.8 11.09 19.90 887.5 5.6

4.1. Model validation

Fig. 4 shows the measured values of outlet temperature on the x-axis, and the simulated values of the outlet
temperature in the y-axis. It can be seenthat the different data points are scattered close to the y=x line with a
few exceptions. The model seems to be owverestimating the outlet temperatures for lower values, and
underestimating it for higher ones. The maximum absolute error is around 2.5 K, but the mean absolute error is
considerably lower, with a value 0.70 K. A mean biased error of 0.16 K shows that the model is slightly
overestimatingthe outlettemperature of the PVT collectors, but the value is low to consider it aproblem. Finally,
a coefficient of determination of 0.902 shows that more than 90 % of the variability in the simulated results of
the outlet temperature can be explained by the variability in the measured data, which means that the model can
represent real world performance accurately.
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Fig. 4. Simulated outlet temperature values plotted against measured outlet temperature values

Fig. 5 shows the measured values of thermal output obtained from the heat meters on the y-axis, against the
thermal output calculated with the simulation results. Once again it can be seenthat the data points are scattered
close to the y=x line, with the highest absolute errors occuring for the highest values of thermal output. The
maximum absolute errorisclose to 150 W, represetingarelative difference of 25 %. However, the mean absolute
error is almost four times smaller. When calculating the mean biased error, the result of 4.5 W shows that the
model is overestimating the thermal power production, which is alligned with the results obtained for the outlet
temperature. A coefficient of determination of 0.89, shows a good relationship between real world performance
and the simulated results.
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Fig. 5. Simulated thermal output values plotted against measured thermal output values

Fig. 6 shows the measured values of electrical output obtained from the microinverters on the y-axis, against the
electrical output from the simulation results, using a simple efficiency approach. It can be seenthat most of the
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data points are close to the y=x lines, with the highest absolute errors of approximately 25 W and relative error
of 10 % occurringwhen the electricity productionis the highest. For lowelectricity productionvalues, the simple
efficiency approach fits the measured values precisely. A MAE of 4.20 W, a MBE of 0.48 W, and R? value of
0.995, shows that the simple efficiency approach can predict the electricity production from each collector in a
good way.
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Fig. 6. Simulated electrical output values plotted against measured electrical output values

The statistical methods results for outlet temperature, thermal power and electrical power can be seenin Tab. 6.

Tab. 6. Statistical methods summary of results

Temperature Out Thermal Power Electrical Power
Mean Absolute Error (MAE) 0.70K 40.02W 420W
Mean Biased Error (MBE) 0.16 K 4.48W -0.48W
Coefficient of Determination (R?) 0.902 0.887 0.995

4.2.Performance curves

This section presents the performance curves of the studied PVT collector for different solar irradiation levels
and flow rates based on the numerical modelling results. Ambient temperature is fixed at 20 °C and wind speed
at 1 m/s. For the evaluation of the performance of the PVT collectors under different solar irradiation levels, a
constant flowrate of 80 Ih-*m-2 is considered. The results in Fig. 7 show that even when the solar irradiance is as
low as 200 W/m2, thermal output can be as high as 530 W/m? or 363 W/mZfor reduced temperature differences
of -0.15 Km?W-1 and -0.10 Km?W-! respectively. As would be expected, the maximum thermal output occurs
when solar irradiation is 1000 W/m?2 with a reduced temperature difference of -0.03 Km2W-1, which is equivalent
to atemperature difference between ambient and inlet to the collector of 30 K. For this case, the specific thermal
output can be as high as 800 W/m?2 or 1160 W/collector. The performance at areduced temperature difference of
0 Km2W-1, varies between 26.1 W/m? for the lowest solar irradiation case, and 297.7 W/m? for the highest solar
irradiation case.
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Fig. 7. Thermal performance curwe of PVT collector prototype obtained from Comsol Multiphysics simulations

For the evaluation of the performance of the PVT collectors under different volumetric flow rates, a constant
solar irradiation level of 1000 W/m?2is considered. The results in Fig. 8 show that increasing the flow rate from
20lh"'m2 to 100 Ih"'m=2 has diminishing returns. For a reduced temperature difference of -0.02 Km2W-,
increasing the flow rate from 20 Ih-*m-2 to 40 Ih-*m2, increases thermal output from 414.7 W/m? to 519.5 W/n?,
equivalent to 25.3 %. However, when flow rate is further increasedto 60 Ih-m-2, 80 Ih-m-2 and 100 Ih-1m-2, the
increase in specific thermal output is of 13.2 %, 9.3 % and 7.1 %. The performance at a reduced temperature
difference of 0 Km?W-1, varies between 193 W/m? for a flow rate of 20 Ih-'m-2, and 318.6 W/m? for 100 lh-tm2,
which is a lower variation than what occurs for the one occurring for the different solar irradiation lewvels. It is
worth noting that the flow remains always in the laminar regime, with a Reynolds number of 450 at 100 Ih-im2,
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Fig. 8. Thermal performance curve of PVT collector prototype obtained from Comsol Multiphysics simulations
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5. Discussion and Conclusions

The analysis presented in this paper shows that the numerical model of a sheet and tube PVT collector with fins
specifically designed for heat pump integration, fits the empirical datawith an R? value of more than 88% for the
main three output parameters: outlet temperature, thermal output and electrical output. However, the MAE for
outlet temperature and thermal power needs to be discussed further.

To begin, the thermal output of the full collectorarray was measured in the experiments and divided by 14 to
calculate the value for one collector, but in the model only two collectorswere considered. All collectors were
assumed to generate the same amount of power, although most probably the subarray that has the lowest inlet
temperature produces a higher thermal output than the following subarray, due to a higher temperature difference
between inlet temperatures and ambient, enhancing the heat capture from the surrounding air. While this may be
a limitationin validating a single collector, since it is expected that PVT will nearly always be installed in an
array, the approach used here captures variance between individual collectors that can be missedif only using a
single sample.

Condensation effects were not considered in this study, which could be an important issue when the difference
between inlet temperature and dew point temperature is high. However during the experiments, no considerable
amount of condensation was observed on the rear side of the PVT collectors, so it was not consideredto be a
critical modelling aspect for the studied data range.

It is important to highlight that even though the highest thermal output obtained from the measurements was 368
W/m?, based on the performance curves obtained from the simulations of the validated numerical model, the
thermal output of the sheet and tube PVT collector with fins could more than double that value. This can happen
for example, when there is a brine temperature coming out of the borehole field below -5 °C, there is an ambient
temperature of 25 °C and the solar irradiance is 1000 W/m?2. Although not a common scenario, this could be
possible and helps setan upper limit for the amount of heat that can be extracted from the collector. However,
even at low irradiation levels, the PVT collector can work mostly as an air-water heat exchanger achieving a
specific thermal output of more than 300 W/m?. In a study currently under peer-review, the addition of fins are
shown to increase heat capture from the air by up to 60 % over unfinned designs.

The finned design is still relatively unique and a developing segment of PVT design. This work builds on the
body of knowledge that defines the performance and potential of PVT heat pumps systems by describing an
empirically validated numerical model. Furtherwork in finned PVT collector developmentand analytical models
in full systems analysis (e.g. TRNSYS) can be informed using COMSOL, reducing time and effort. Future work
will quantify the full PVT+HP system performance and the benefits finned collectors provide.
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