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Abstract 
  

This project report is a deliverable within the scope of WenSDak project, which is being 

carried out by a consortium of a number of photovoltaic-thermal (PVT) panel manufacturers 

and knowledge institutes. This project is financed by RVO (Rijksdienst voor Ondernemend 

Nederland) – project number TEZG113008.  

WenSDak project aims to generate knowledge about the performance and application of both 

PVT liquid collectors and PVT air collectors, in the built environment. Eindhoven University of 

Technology (TU/e) is a project partner in WenSDak project, offering expertise in lab testing of 

the panels and PVT collector modelling. Solar Energy Application Centre (SEAC) is another 

partner in the project, offering expertise in field testing of the panels and system analysis. This 

report comprises of work performed at TU/e and at SEAC, documenting the results of lab 

testing, PVT collector modelling and system analysis. 

In the context of this project, a PVT collector is a roof-mounted or a roof-integrated panel in 

which a photovoltaic (PV) module and a thermal absorber are coupled together to make a 

single hybrid panel, for the purpose of harnessing solar energy to produce heat and electricity 

from the same area. The absorber has tubes or channels containing circulating liquid to 

capture heat while the PV module can be connected to the grid or to a battery. 

The first goal of the project was to build a test setup at TU/e lab to carry out performance 

testing of PVT panels. A test setup was built to measure thermal and electrical efficiencies of 

PVT panels under controlled lab conditions. This setup consists of a solar simulator to imitate 

the solar spectrum, a thermostatic bath to regulate the liquid temperature at the inlet of the 

panel, and a flow meter to regulate the flow of liquid, among other components. The electrical 

test circuit has a LEM module to measure current, a voltage bridge to measure voltage and a 

micro-inverter to condition the electrical output to feed into the grid. With this test setup 

thermal and electrical efficiencies can be measured with relative standard uncertainties of 2.5 

– 10 % and 2.5 %, respectively. 

Four unglazed PVT panels from two different manufacturers were tested using this setup. The 

goal of the measurement was to test each panel in accordance with the solar thermal testing 

norm NEN-EN ISO 9806, and draw the thermal efficiency curves for each panel, which are 

standard in solar thermal industry. For each tested panel it was observed that as the panel 

temperatures go up, it loses more heat to the surroundings. Therefore, the thermal efficiency 

of the panel goes down. Furthermore, the thermal efficiency goes up slightly with increasing 

liquid flow rate. This is due to the fact that at higher flow rates, the panel temperatures are 

lower and hence less heat loss to the surroundings. 

First three panels tested on this setup are identical with different heat conduction media 

between the aluminum absorber and the liquid carrying tubes partially in contact with the 

absorber. The first panel had air, a very poor heat conductor, in between the absorber and the 

liquid-carrying tubes. The second and the third panel had heat conducting epoxy and silicon 

paste respectively. It was observed that with increasing conductivity of the media, the thermal 

output of the panel increased significantly. The zero loss thermal efficiency (corresponding to 

average liquid temperature inside the panel equal to the ambient temperature) of the three 

panels was measured to be 23 %, 28 % and 31 % respectively, at 75 kg/hr flow rate. 

The fourth PVT panel tested on this setup has different thermal absorber principle than the 

previously tested panels, which leads to enhanced heat conduction from the PV to the liquid 

carrying channels. As expected it exhibited much better performance during the tests. Zero 

loss efficiency for this panel was tested to be 56 % at 75 kg/hr flow rate which is 80 % better 

when compared to the panel-3. 

The second objective of the project was to develop numerical models for the tested panels. A 

steady-state numerical model was developed by adapting the previously developed model for 

glazed PVT collectors, to the unglazed collectors. A new radiation heat exchange model for 

the top panel surface and a heat conduction model for the metal absorber have been added to 
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this adapted numerical model. This numerical model was validated with the measurements 

carried out in the lab. To carry out the model validation, temperatures were measured at two 

different locations on different surfaces inside the panel. Then, these measured values were 

compared with the temperatures predicted by the numerical model. It was found that the 

model is a fairly accurate representation of the tested panels within the accuracy of the 

measurement. 

The validated model was used for design optimization of the tested PVT. It was shown that for 

panel-1, improving the thermal contact between the PV and the metal absorber can improve 

the zero loss efficiency by up to 43 %, while improving the thermal contact between the 

absorber and the liquid-carrying tubes can improve the zero loss efficiency by up to 25 %. 

Panel-2 and panel-3 are only an improved version of the first panel with better thermal contact 

between the absorber and the liquid- carrying tubes. Combined, these two improvements can 

improve the zero loss efficiency by 94 %. 

Panel-4 is already a much better concept with very good thermal heat conduction between the 

absorber and the liquid carrying channels. Hence, there is virtually no potential for 

improvement. However, the thermal contact between the PV and the absorber can be 

improved which can lead to up to 27 % increase in zero loss efficiency.  

The numerical model was further used to compare all the PVT panels on the basis of annual 

yield for a fixed flow rate of 75 kg/hr and a fixed liquid inlet temperature of 10 °C. It was 

estimated that panel-4 has 90 % higher annual yield when compared with panel-1. 

The third and the fourth goal of this project were to design an optimized PVT-based system 

for supplying space heat and domestic hot water to a single family house; and to carry out a 

techno-economic analysis of this system, respectively. To accomplish goal-3, a detailed 

literature study of various users and different heating services was done. Based on this 

analysis the focus was narrowed down to space heating and domestic hot water (DHW) in 

residences, space heating in offices, swimming pool heating, and manure drying. Finally, a 

single family house with space heating and DHW services was selected for further 

investigation and for designing a PVT-based heating system.  

The next step was to identify the most suitable system for this application. To do so, a number 

of market-vailable and novel system concepts were studied. Based on the type of PVTs 

involved in WenSDak project and in consultation with project partners, a PVT heat pump 

system was shortlisted for system simulations and system optimization. This system consists 

of a PVT and a heat pump which supply heat to the storage separately. The storage supplies 

both space heating as well as domestic hot water. The source of heat pump is the PVT 

collector itself, coupled directly to the evaporator of the heat pump. The heat pump is used in 

times of low irradiations and when the storage is not able to supply space heating. To supply 

domestic hot water the output from the storage is boosted to the desired temperature by using 

an electric heating element. 

Once the user, the heat demand and the system was finalized, a TRNSYS® model was 

created. For this simulation, an energy efficient reference house with annual space heating 

demand of 10.8 GJ and an annual domestic hot water heating demand of 9 GJ was selected. 

The space heat delivery system is assumed to be low temperature radiators. This model is 

currently under development. In future, the designed system will be optimized by varying the 

component sizes, and control and stratification scheme to obtain an optimized design which 

leads to highest seasonal performance. Finally, a techno-economic analysis will be carried out 

by comparing this optimized design with a conventional gas boiler or an air heat pump 

system, to make a business case for the designed system by estimating the energy savings 

as well as the financial savings achieved by this system, when compared with the 

conventional system. 
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Nomenclature 
Symbol Description Unit 

𝑎1 heat loss coefficient at 𝑇𝑟𝑒𝑑 = 0 and at a given wind speed W/m
2
-K 

 𝐴  gross surface area of the panel m
2
 

𝐴𝐷 area corresponding to the inner diameter 𝐷𝑖𝑛 m
2
 

𝐴𝑠  area of a panel segment m
2
 

𝑏1 heat loss coefficient at zero reduced temperature W/m
2
-K 

𝑏2  wind dependence of heat loss coefficient W.s/m
3
-K 

𝑏𝑢 collector efficiency coefficient (wind dependence) s/m 

𝑐1 heat loss coefficient at (Tm − Ta) = 0 W/m
2
-K 

𝑐2  temperature dependence of the heat loss coefficient W/m
2
-K

2
 

𝑐3 wind speed dependence of the heat loss coefficient J/m
3
-K 

𝑐4  sky temperature dependence of the heat loss coefficient - 

𝑐5 effective thermal capacity of the panel J/m
2
-K 

𝑐6 wind dependence of the zero loss efficiency s/m 
𝐶𝑓𝑒,𝑁 total cost associated with final energy consumption over N years € 

𝐶𝑝  specific heat capacity of the fluid J/kg-K 

𝐶𝑚,𝑁 total maintenance cost over N years € 

𝐶𝑟,𝑁 total replacement cost over N years € 

𝑑 diameter of a circular section m 

𝐷 outer diameter of the tube m 

𝐷ℎ  the hydraulic diameter of a channel m 

𝐷𝑖𝑛  inner diameter of the tube m 

𝐸𝑏  black body radiation W/m
2
 

𝐸𝐿 long wave irradiance (λ > 3 μm) W/m
2
 

𝑒 total energy price  €/kWh 

𝑓 Darcy friction factor - 

𝐹𝐺  factor describing the dependency of the panel output on the 

incident irradiation 

- 

𝐹𝑖𝑗  view factor from surface i to surface j  

𝐹𝑇  factor describing the dependency of the panel output on the 

temperature of the solar cells 

- 

𝑔 gravity acceleration m/s
2
 

𝐺 global irradiance normal to the panel surface W/m
2
 

𝐺𝑏  beam irradiance normal to the panel surface W/m
2
 

𝐺𝑑  diffused irradiance on the panel surface W/m
2
 

𝐺𝑟 Grashof number - 

ℎ convective heat transfer coefficient W/m
2
-K 

 𝐼  output current of the panel A 

𝐼0 Initial investment € 

𝑗 radiosity of the surface W/m
2
 

𝑘 heat conductivity of a material  W/m-K 

𝑘𝑎𝑖𝑟  heat conductivity of air W/m-K 

𝐾𝑏(𝜃𝐿 , 𝜃𝑇)  incidence angle modifier (IAM) for beam radiation - 

𝐾𝑑   incidence angle modifier (IAM) for diffused radiation - 

 𝑙  length of the segment m 

𝐿𝑐  characteristic length of the panel m 

�̇�  mass flow rate of the circulating fluid  kg/s 

𝑛𝑐ℎ𝑎𝑛𝑛𝑒𝑙  number of parallel channels in Dimar panel - 

𝑁𝑢 Nusselt number - 

𝑝𝑖 3.14159 - 

𝑃 perimeter of the panel m 
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𝑃𝑟 Prandtl number - 

𝑄𝑡𝑜𝑡 total energy demand over N years  

𝑅 heat resistance m
2
-K/W 

𝑅𝑎 Rayleigh number - 

𝑅𝑒 Reynolds number - 

𝑇𝑎  outdoor air temperature ° C 

𝑇𝐶𝑂 total cost of ownership over N years € 

𝑇𝑐𝑒𝑙𝑙  average cell temperature ° C 

𝑇𝑖𝑛  temperature of the fluid at the inlet to the panel ° C 

𝑇𝑚  mean fluid temperature given by (𝑇𝑖𝑛 + 𝑇𝑜𝑢𝑡)/2 ° C 

𝑇𝑜𝑢𝑡  temperature of the fluid at the outlet to the panel ° C 

𝑇𝑟𝑒𝑑  reduced temperature ° C-m
2
/W 

𝑇𝑠𝑘𝑦  sky temperature ° C 

𝑢 mean wind speed over the panel m/s 

𝑢∞ wind speed away from the panel m/s 

𝑈 heat loss coefficient W/m
2
-K 

 𝑉 output voltage of the panel V 

�̇�  volume flow rate of the circulating fluid m
3
/s 

𝑊 centre to centre distance between the tubes in the panel m 

𝑥 distance from the origin along the 𝑥 direction m 

𝑦 fraction of the tube that is in direct contact with the cavity 

encircling the tube, in SolarTech PVT panel 

- 

𝛼 thermal diffusivity  m
2
/s 

𝛽 coefficient of volumetric expansion ° C
-1

 

𝛽𝑃 power coefficient for PV electricity production ° C
-1

 

𝛿 thickness of a material layer in the panel m 

∆𝑇  temperature difference between two points ° C 

휀 emissivity of the surface - 

𝜂0  zero loss thermal efficiency at 𝑇𝑟𝑒𝑑 = 0 - 

𝜂0,𝑏 peak collector efficiency - 

𝜂𝐸 Electrical efficiency of the panel - 

𝜂𝑆𝑇𝐶  the efficiency of the solar panel under standard test conditions - 

𝜂𝑇 Thermal efficiency of the panel - 

𝜈 kinematic viscosity of a fluid m
2
/s 

𝜎 Stefan Boltzmann’s constant Wm 
-2

 K 
-4

  

(𝜏𝛼)  transmission-absorption factor for the panel - 

𝜃 the inclination of the panel with respect to the horizontal rad 

𝜃𝐿  reference angle in longitudinal direction for determination of 

incidence angle modifier 

rad 

𝜃𝑇 reference angle in transverse direction for determination of 

incidence angle modifier 

rad 
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1 Introduction 
Energy consumption in the built environment consists of electricity and heat. Different 

solutions are available in the market for converting solar energy into electricity and heat. 

Photovoltaic (PV) panels generate electricity with a conversion efficiency of about 15 %. 

Similarly, solar collectors have achieved efficiencies up to 80 %. Combining PV technology 

and the solar collector into a single photovoltaic thermal (PVT) module leads to higher energy 

yield per unit area of roof available as well lower costs due to less material use and lower 

installation costs when compared with installing PV and thermal collectors separately to 

generate the same amount of electricity and heat. This project investigates PVT technologies 

and is included within a larger project named ‘WenSDak’. WenSDak is an abbreviation to 

Warmte en Stroom Dak which is translated into English as heat and power roof. As the name 

suggests, WenSDak aims to develop the knowledge about the performance and application of 

photovoltaic thermal hybrid (PVT) roof solutions and translate this knowledge into products 

which can be aesthetically and functionally integrated into the built environment. The project is 

being carried out by a consortium of eight companies and three research institutes (SEAC, 

ECN, and TUe)
1
. WenSDak project will be described further in this chapter. But to continue 

further it is essential to have an understanding of the term PVT first. 

1.1 PVT Panel 

A PVT (photovoltaic-thermal) panel is a panel where a PV module and a thermal absorber are 

mounted on top of each other, to produce electricity and heat from solar irradiation, using the 

same roof area. PV panels utilize only a fraction of the solar irradiation to produce electricity. 

The remaining solar energy is absorbed in the panel and converted into heat. This heat can 

be captured by a thermal absorber to be used in heating applications such as buffer storage, 

recharging the boreholes, underfloor heating, etc. 

Within the context of WenSDak project two types of PVT panels can be considered: 

- PVT liquid collector: A panel where a thermal absorber is attached to the back of the 

PV laminate. The heat is transferred to the absorber which conducts the heat to the 

liquid-carrying tubes as shown in Figure 1-1. 

- PVT air collector: The PV panel is mounted with small gap in between the PV and the 

roof, and air is circulated through the gap as shown in Figure 1-2. As the air passes 

through the gap, it gains heat from PV which can be transferred to indoor space to 

serve heating applications such as drying, heat storage, etc. 

 
Figure 1-1: PVT liquid collector 

 

 
1 ECN - Energy research Centre of the Netherlands 
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Figure 1-2: PVT air collector 

Within the scope of this project only the PVT liquid has been considered for investigation and 

analysis. 

1.2 WenSDak (Warmte en Stroom Dak) 

In WenSDak, five product concepts for PVT roof are being developed by the business 

partners for different market segments. Within the scope of WenSDak these prototype PVT 

roof concepts are being tested outdoors and in the lab. In addition, detailed numerical 

modelling of these concepts is being carried out. In the field tests the electrical and thermal 

performance of these PVT roofs will be tested. The same PVT panels are being tested in the 

lab under controlled conditions. The numerical models will be validated with respect to the lab 

tests and field test. Based upon the modelling results, improvements in the PVT concepts will 

be suggested. Furthermore, a dynamic simulation of the entire PVT system will be carried out 

to investigate the performance of various PVT roofs in different system configurations. 

The following PVT roof concepts are being developed under WenSDak: 

 Soloroof HR: SCX Solar and Hotraco are developing a Building Integrated BIPVT air 

system that consists of a PV system and a hot air production and transportation 

system to make efficient use of low grade heat. The target market is agricultural 

applications such as drying manure and climate control in stables. 

 Multi Energy Panel: SolarTech is developing a second generation PVT Energyroof 

based on thin film PV and a monitoring and control unit. The principle of the multi 

energy panel is to clamp PV panel on top of SolarTech’s existing sheet and tube 

thermal collector. 

 AER PVT dak: Aerspire aims to develop high aesthetic BIPV roof with glass-glass PV 

modules. The AER concept is to preserve the homogeneous appearance with a 

unique aesthetic total roof solution, which consists of all glass-glass solutions. Within 

this project, Aerspire aims to integrate a visually homogeneous solar collector to their 

concept. 

 Modular Energy Roof System: Dimark Solar has developed a system for sloped 

roofs. It consists of a glazed PV laminate supported by a composite carrier and 

collector consisting of serpentine Aluminum tubes embedded in the carrier. 

 Triple Power Panel: GEO Holland is developing uncovered PVT panel on the basis 

of standard PV panels and an existing thermal module based on MEFA
2
 panels, in 

order to cool the PV and generate heat for applications requiring low-grade heat, such 

as heat pumps combined with heat and cold storage. 

 
2 A panel heat exchanger made of plastic; for use as a solar energy absorber or underfloor heating. 
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1.3 Problem Description 

Although PVT systems seem to offer clear benefits over PV panels and thermal collectors, 

their use is not widespread due to their complexity and heat dependent design. Combining PV 

laminate and thermal collector adds many complexities to the module as the electrical and the 

thermal performances are affected by each other. Moreover, many thermal collector concepts 

are present in the market today using different transport media (air or liquid), transport 

channels, configurations (domestic hot water vs combi-system), control strategies, etc. Each 

of these thermal collector concepts serves different applications and thereby different market 

segments. Moreover, there is the issue of aesthetics of the PVT modules to gain social 

acceptance which adds further challenge. 

To overcome the aforementioned barriers it is required to develop standardized concepts for 

PVT systems catering to each market segment. It is important to gain insight into the 

parameters affecting the module performance as well as the system performance so that 

necessary design improvements can be made. Furthermore, the benefits of PVT need to be 

quantified and demonstrated clearly to promote them. The demonstration of PVT systems by 

setting up novel projects is expensive and time consuming. These projects usually collect 

performance data for a year before being able to make conclusions. A cheaper alternative is 

using numerical models and system models to assess the performance of new PVT concepts 

and novel PVT systems concepts. This requires developing good detailed component models 

and system models. Various component models and system models already exist for market 

available products. However, these models need to be improved upon and adapted to the 

products being developed under WenSDak. Once these models have been validated the 

component models can then be used for optimization of the PVT module. Furthermore, the 

system model can be used to investigate different system configurations, control strategies 

and the performance of the PVT panels in different configurations. 

1.4 Projective Objectives 

The objectives of this project are as follows:  

1 Building a test setup to test the thermal and electrical performance of the prototype PVT 

panel in the lab under controlled operating conditions. 

2 Modelling of the PVT modules and their validation with the measurements performed at 

the TU/e lab, and with the field measurements performed by SEAC. The outcome of this 

work results in possible recommendations for improvement in next generation advanced 

collectors. 

3 In collaboration with SEAC, design a PVT system for a single family row house in 

Netherlands by using dynamic system simulations. The outcome of this work results in 

estimating the thermal and electrical performance of the PVT collectors from within 

WenSDak project when used in a PVT based system to meet space heating and 

domestic hot water heating demand. 

4 Carry out a techno-economic comparison between a proposed system and the 

conventional system. The outcome of this work results in estimating the energy savings 

and the financial savings when compared to the conventional system. 

1.5 Project Scope 

The scope of the project is limited to investigating only the thermal collector design and not 

the PV laminate design. The PV laminate absorption characteristics have been provided by 

ECN, which have been used as an input to the model. The collector model proposed by 

Santbergen will be used as the base model with necessary modifications [1]. The thermo-
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economic analysis will investigate only the PVT collectors and not the other components (E.g. 

heat pump, inverter, etc.) of a typical system. 

1.6 Methodology 

The collector modelling builds upon the work of Douwe de Vries [2] and Rudy Santbergen [1]. 

Vries proposed a model for the thermal part of a few PVT concepts and verified them against 

experimental data. He further developed an annual yield model to compare the design 

concepts against each other. Santbergen developed a two-dimensional optical model to gain 

more insight into the absorption factor of solar cells and used the results from the optical 

model as input into the second thermal model proposed by Vries to estimate annual electrical 

and thermal performance of the PVT panel. He also proposed a few modifications to the 

earlier collector model and the system model proposed by Vries. In this project the collector 

model modified by Santbergen has been used as the base model and necessary changes in it 

have been made to reflect the characteristics of the prototype panels. The modelling of the 

PVT modules has been carried out in MATLAB®. The electrical and thermal efficiency of the 

PVT module has been estimated on the basis of various input parameters such as solar 

radiation, ambient temperature, wind speed, temperature input for the collector and the flow of 

fluid in the collector, as well as the collector dependent design parameters supplied by the 

PVT manufacturers, and the absorption factor of the PV laminate/panel, provided by ECN. 

Design parameters for the PVT model are the thermodynamic properties of each layer of the 

panel, the collector design, and the PV laminate absorption factor and cell characteristics. 

PVT panels are installed by the project partners at TU/e campus and measurements of 

operational parameters as well as output yield is being carried out by SEAC, over summer 

and winter months. Moreover, the lab test of the same panels is being carried out at the TUe 

lab with the solar simulator. The results of the field test as well as the lab test are used to 

validate the models for each PVT panel. Once the models are validated and corrected, the 

design of the PVT panel is optimized by changing different design parameters. These 

changes in design parameters are translated into recommendations for design improvement. 

The choice of the PVT collector in a PVT based system depends upon the choice of the 

system and the type of use. Therefore, a number of use case scenarios have been defined 

taking into account the end user, the type of use, the demand pattern, typical size of the 

system, hydraulic and storage components, etc. Once the potential scenarios were identified, 

the most interesting scenario was chosen for further investigation and system simulations. 

Next the simulation approach was defined, establishing simulation objectives, identifying 

simulation requirements, simulation parameters, etc. Afterwards, a system model was created 

for the selected scenario(s) by using the standard and new components available in 

TRNSYS®. This dynamic simulation model is currently is under developement. Once a 

working model is obtained the simulations will be performed for a typical meteorological year 

for Dutch climate to obtain annual electrical and thermal yields of the selected system. Using 

the annual yields from the system simulations a simplified techno-economic analysis of the 

PVT modules will be carried out to estimate annual energy and financial savings. 

1.7 Deliverables 

Deliverables for this project are as follows: 

1) Detailed MATLAB® collector models for all the SolarTech and Dimark prototype PVT 

panels.  

2) TRNSYS® models of an unglazed PVT based solar thermal system. 

3) Report enlisting the results of the lab experiments on the PVT panels, the results of 

the system simulations, recommendations for improvements in the panel design and the PVT 

system design.  
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1.8 Report Structure 

This report addresses the project objectives one by one in the order they have been stated in 

section 1.4.  

Chapter 2 defines the measurement objective, and describes the construction of the 

measurement setup, the requirements regarding the accuracy of measurement and the 

measurements approach. Afterwards, the results of the measurements which were carried out 

on three SolarTech panels a Dimark panel have been discussed. The results of these 

measurements have been used in chapter 3 for validation of PVT models.  

Chapter 3 describes the steady state numerical models by that have been developed for the 

SolarTech and Dimarks panels, by describing the heat transfer equations for various 

conduction, convection and radiation phenomenon occurring in the panel. These models have 

been validated with lab measurements.  These validated models have been used to carry out 

design optimization for the panels, which resulted in design recommendations for the two 

manufacturers. The results of model validations and the design recommendations have been 

included in this chapter. 

Chapter 4 looks into the market for PVT based systems in The Netherlands. It looks into 

various applications of solar heat by different users and identifies the potential market 

segments. It further investigates the identified market segments which are – residences, 

offices, swimming pools and agricultural manure drying. Subsequently the discussion moves 

on to various existing on novel PVT based system configurations. This chapter ends with 

describing each system configuration in brief. These systems have been evaluated in chapter 

5 to identify the system of interest that will be used in system simulations. 

Finally, chapter 5 describes the selected PVT heat pump system, the design parameters, the 

control strategy and the TRNSYS® components used in the simulation. The simulation is 

currently under development. This chapter ends with a road map for further development of 

system simulations for a PVT heat pump system for a single family Dutch row house. 
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2 PVT Collector Performance Measurement 

The first objective of the project was to build a measurement setup to test the thermal and 

electrical performance of PVT panels in the lab. The testing setup was built by Martijn van 

Balkom as part of his master thesis [3]. This task began with studying existing solar panel 

testing norms to establish the setup requirements. For this purpose norms IEC 61215 [4] and 

NEN-EN ISO 9806 [5] were looked at in detail. Based on the information gathered from these 

norms, the measurement goals and the measurement accuracy requirements were defined. 

These goals and requirements served as the guidelines for building the test setup. Once the 

setup was built, a measurement approach was defined to operate the setup, to conduct the 

experiments and to estimate the thermal and the electrical performance of the PVT panel. 

Currently the test setup is being used for performance testing of different PVT panels. So far, 

testing of 4 PVT panels from two different manufacturers has been carried out using this test 

setup. There is a plan to test more PVT concepts from within and outside the WenSDak 

project, using this test setup. 

All the aforementioned aspects of performance testing have been be described in successive 

chapters of this report. 

2.1 Measurement Goals 

The measurements are designed to estimate the thermal performance of the PVT panel under 

steady state, according to the NEN ISO 9806 norm while simultaneously measuring the 

electrical performance of the panel. The testing of the PVT panel in the lab aimed not only to 

benchmark the panels under the same input conditions but also to use these measurements 

to validate the numerical collector models to be developed within this project. Furthermore, 

identical PVT panels with minor design alterations can be tested to assess the performance 

improvement due to the design alteration. For instance, two prototype panels with identical 

design but different thermal contact between the PV and the thermal absorber can be tested 

under identical test conditions to determine how much thermal performance enhancement can 

be achieved by increasing the thermal contact between the PV and the thermal absorber. This 

provides valuable input to PVT manufacturers to make design decisions. 

The thermal performance of the PVT panel is measured by thermal efficiency which is defined 

as: 

𝜂𝑇 =
�̇�𝐶𝑝(𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛)

𝐺. 𝐴
 Eq. 2-1 

Where, �̇� is the mass flow rate of the circulating fluid, 𝐶𝑝 is the specific heat capacity of the 

fluid, 𝑇𝑜𝑢𝑡 is the temperature of the fluid at the outlet to the panel, 𝑇𝑖𝑛 is the temperature of the 

fluid at the inlet to the panel, 𝐺 is the global irradiance normal to the panel surface, and  𝐴 is 

the gross surface area of the panel. 

It is a common industry practice for unglazed collectors to plot the thermal efficiency against 

the reduced temperature for different wind speeds. These curves are called performance 

curves of the collector. The reduced temperature is defined in the norm as: 

𝑇𝑟𝑒𝑑 =
(𝑇𝑚 − 𝑇𝑎)

𝐺
 Eq. 2-2 

Where, 𝑇𝑚 is the mean fluid temperature (𝑇𝑜𝑢𝑡 + 𝑇𝑖𝑛)/2 and 𝑇𝑎 is the ambient temperature. 

In the test setup the volume flux and the inlet temperature can be varied while the irradiance 

is kept fixed at 1000 W/m
2
 in the spectrum range 305-2800 nm. Moreover the air speed over 

the panel surface is determined by the forced draft produced by the cooling fans and is 

constant at an average value of 4.5 m/s throughout the experiment. 

The electrical performance of the panel is measured by the electrical efficiency defined as: 
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𝜂𝐸 =
𝑉. 𝐼

𝐺. 𝐴
 Eq. 2-3 

Where, 𝑉 is the output voltage of the panel, and 𝐼 is the output current of the panel. 

The power output of the PV panel is directly linked to the incident irradiation and the cell 

temperature. In case of PVT panel the average cell temperature 𝑇𝑐𝑒𝑙𝑙 corresponds to the mean 

fluid temperature (𝑇𝑚), meaning hotter the mean fluid temperature hotter will be the mean cell 

temperature. Since the cell temperature is not measured during the experiments, the electrical 

efficiency will be plotted against the mean fluid temperature.  

2.2 Measurement Setup 

To carry out accurate testing of thermal and electrical performance of the PVT panels a test 

setup was built at the TU/e lab by Balkom [3], as shown in Figure 2-1. This test setup consists 

of two test loops – the thermal test loop and the electrical test circuit, shown schematically in 

Figure 2-2 and Figure 2-3 respectively. 

 
Figure 2-1: Thermal and electrical performance measurement setup 

The NEN-EN ISO 9806 norm describes the requirements for solar thermal testing. According 

to this norm the temperature measured at the inlet and outlet of the panel must have the 

standard uncertainty
3
 within ±0.1 K. The temperature difference between the inlet and the 

outlet must have a standard uncertainty smaller than ±0.05 K. The standard uncertainty of the 

flowmeter must be less than 1 %. The total intensity of irradiation must be higher than 700 

W/m
2
 and the irradiation must be uniformly distributed over the measurement surface, 

meaning that at any point on the panel surface the irradiation must not differ from the mean 

irradiation by more than 15 %. In addition to these major requirements there are some other 

requirements regarding other components of the setup which are described by Balkom 

[3](pages 5-13).  

Figure 2-2 shows the thermal test loop. It consists of an AAA rated solar simulator that 

simulates the spectrum of sun in compliance with the international standard for solar 

simulation IEC 60904-9 [6]. The AAA rating means that the non-uniformity and temporal 

stability is within 2 % and the spectral match is between 0.75 – 1.25, defined according to the 

norm IEC 60904-9. The simulator is capable of producing an irradiation of 1000 W/m
2
 over the 

panel surface within the spectrum range of 305 – 2800 nm. The PVT panel is placed under 

 
3
 Standard uncertainty refers to 90 % confidence in the measurement, meaning that 90 % of the times the measured value must lie 

within the uncertainty boundary. 
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the simulator which heats up the fluid flowing through the panel. Then this heated up fluid 

passes through a Hüber UniChiller thermostatic bath to cool down, which keeps the 

temperature of fluid entering the panel at the desired level. An Omega FLR1011ST flow meter 

monitors the flow rate while a needle valve regulates the flow. There is an expansion vessel to 

protect the circuit from any pressure shock while the air release valve is there to get rid of any 

air present in the system. There are pressure gauges to monitor the pressure drop across the 

panel. The fluid temperatures across the panel are measured using K-type thermocouples. 

The simulator produces a lot of heat which is carried away by forced circulation via cooling 

fans. However, this creates draft over the panel which has a cooling down effect on the panel. 

Velocicalc Plus Anemometer is used to measure the air speeds over the panel. If there are 

any fluctuations in the voltage of the power supply to the simulator it will produce a 

fluctuations in the output of the simulator and thereby fluctuation in the irradiation on the 

panel. To observe this  a Kipp en Zonen CMP 11 pyranometer is placed under the simulator in 

the plane of the panel surface. The detailed specifications of all the components can be found 

in the report from Balkom [3](pages 5-13).  

 

 
Figure 2-2: Schematic overview of the thermal system [3] 

 
Figure 2-3: Schematic overview of the electrical circuit [3] 

Figure 2-3 shows the electrical test circuit. The current through the panel is measured via the 

LEM module which works on the hall affect. “The Hall effect states that when a conductor is 

placed perpendicularly in the magnetic field that surrounds a wire, the electrons will be 

deflected from a straight path. This causes the two planes of the conductor to have a 
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difference in charge, generating a so called Hall voltage.” This voltage can be translated into 

the current using the calibration table of the LEM module. The calibration table is provided by 

Balkom [3](page 24). The NI 9215 data acquisition unit (DAQ) used for logging the measured 

parameters can accept the voltage only in the range -10 V to +10 V. The highest voltage 

encountered amongst the tested PVTs is 80 V open circuit voltage for the SolarTech PVT 

panel. Therefore, a voltage bridge is used to scale down the voltage of the PVT to suit to the 

DAQ, which can then be scaled up in the post processing of the data using the scale factor 10 

[3](page 24). The PV is connected to a micro-inverter which not only converts the DC output 

into an AC output but also ensures that the PV operates at maximum power extractable at all 

times. The AC output is fed into the grid. Relay and a circuit breaker are installed for 

protecting the circuit from external electric shock. 

2.3 Setup Calibrations 

Accurate measurement of the quantities is an important step in calculating the thermal and 

electrical performance of the PVT panels. The quantities being measured are temperatures 

using thermocouples, the flow rate using flow meter, the irradiation using pyranometer and the 

solar simulator, the current using the LEM module and the voltage using the voltage bridge. 

Several components are placed in series (e.g. flowmeter - rate meter - data acquisition) until 

the measured output is recorded. The uncertainty in each component will be reflected in the 

uncertainty in the thermal and electrical performance estimation. A good calibration of these 

components helps in reducing the uncertainty in measurement. A thorough calibration of the 

thermocouples, pyranometer and the flow meter was performed by Balkom. The results of the 

calibration are presented in his report [3](pages 14-24). Moreover, he has included the 

calibrations done on the LEM and the voltage bridge in earlier project work. He also describes 

the calibration methods and the calibration calculations in detail.  Based upon the calculations 

performed by him the temperatures can be measured with an uncertainty
4
 of ±0.5 K (for a 

single thermocouple) and ±0.25 K (for the difference between two thermocouple 

measurements). The flow can be measured with an error less than 1 %. Overall, this leads to 

the relative standard uncertainty of 2.5 -10 %, in estimation of thermal efficiencies. 

Similarly, the flow rate has an uncertainty of ±0.65 L/hr. Voltage is measured with an 

uncertainty of ±0.15 V. The current is measured with an uncertainty of ±0.04 A. The resulting 

electrical power is estimated with an uncertainty of ±3 W or a relative standard uncertainty of 

2.5 %. 

The measurement setup does not meet the uncertainty boundaries in temperature 

measurement as prescribed by NEN-EN ISO 9806 norm. However, for the purpose of this 

project the measurements are accurate enough. To further improve the accuracy in 

temperature measurements PT-100 resistance temperature detectors (RTD) can be used. 

These RTDs have high accuracy and high repeatability. 

2.4 Measurement Approach 

So far four PVT panels have been tested with the test setup as following: 

1. Basic reference PVT panel from SolarTech 

2. Reference panel from SolarTech with heat conducting Silicon gel 

3. Reference panel from SolarTech with heat conducting epoxy paste 

4. Type B PVT panel from Dimark Solar 

 
4
 The standard deviation gives a 68 % confidence level of measurement while the normally distributed uncertainty gives a 90 % 

confidence level of measurement.  
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The working principle of the aforementioned PVT panels is described in section 3.1. While the 

geometries of the SolarTech and the Dimark panels have been depicted in Figure 3-2 and 

Figure 3-3 respectively, material properties are given in the thesis report from Rutting 

[7](pages 10-12). 

Each panel was tested for three different flow rates 30, 60 and 75 kg/hr, and 5 different water 

inlet temperatures 10, 20, 30, 40 and 50 °C. Therefore, 15 measurements were performed for 

each panel. These flow rates and the temperatures were chosen considering the application 

of the PVT panel in residential heating application, meaning these are the commonly 

encountered flow rates and the temperatures in the PVT panel in a residential application. 

The heat carrying fluid used in the measurements was water. The following approach was 

followed for each measurement: 

1. Panel was connected to the thermal and the electrical circuit.  

2. Two K-type thermocouples were inserted at the inlet and outlet of the panel and 

connected to the data acquisition unit (DAQ). 

3. Another K-type thermocouple was placed to the underside of the panel to measure 

the ambient temperature around the panel. It was also connected to the DAQ. 

4. The flow meter, the LEM module and the voltage bridge were also connected to the 

DAQ to log the water flow rate, the current and the voltage respectively. 

5. Alongside irradiation was monitored using the pyranometer. 

6. First, the flow rate to the thermal collector was adjusted to the desired value. Next, the 

temperature of the water was adjusted to the desired value via the thermostatic bath. 

Every time the flow rate or the temperature or both were changed, the output of the 

thermal collector changed. Consequently, the temperatures across different layers of 

the panel changed. This resulted in the change in the water temperature at the outlet, 

the voltage across the panel and the current through the panel. 

7. Throughout the measurements all the measured parameters were logged and 

displayed on a computer monitor using the SignalExpress™ program from National 

Instruments™. 

8. The panel took about 20 - 40 minutes to arrive at the new thermodynamic and 

electrical steady state. When the panel arrived at the steady state all the parameters 

were registered. The arrival of steady state was determined by visual inspection of the 

display when all the parameters arrive at a fixed value and there was no further 

significant visual change in the values as depicted in Figure 2-4. On the arrival of the 

steady state there will not be any increase in water temperature of water at the outlet 

as the PVT panel is in thermal and electrical equilibrium. 

 
Figure 2-4: Temperature development at the outlet of PVT over time 
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9. The steady state values of the temperatures, water flow rate, voltage and current 

were used to calculate the thermal efficiency and the electrical efficiency in 

accordance with the Eq. 2-1 and Eq. 2-3 respectively. 

10. Subsequently, the thermal efficiency was plotted against the reduced temperature 

and the electrical efficiency was plotted against the mean water temperature to derive 

PVT collector performance curves. 

2.5 Measurement Results 

In this section, first the results from the measurements on the three SolarTech panels will be 

discussed and compared with each other. Subsequently, the results from the measurements 

of Dimark panel will be discussed. 

2.5.1 SolarTech MEP PVT Panel 
Three SolarTech panels were tested: 

- the reference panel which has point contact with air in between the absorber and the 

circulating water carrying tubes, 

- reference panel with heat conducting Silicon paste between the absorber and the 

tubes, and  

- the reference panel with the heat conducting epoxy paste between the absorber and 

the tubes 

Figure 2-5 shows the results of the measurements in the form of the thermal performance 

curves. The three solid lines in the figure represent the first order curve fit to the measured 

data at three different flow rates. First observation that can be made is that the thermal 

efficiency goes down at higher reduced temperature which corresponds directly to higher 

mean fluid temperature. This is explained by the fact that at higher temperatures the radiative 

and conductive heat loss to ambient increases, which leads to lower thermal performances. 

As per the NEN ISO 9806 norm the thermal efficiency of the unglazed thermal collector can 

be represented by following equation: 

 𝜂𝑇 = (1 − 𝑏𝑢. 𝑢)𝜂0,𝑏 − (𝑏1 + 𝑏2. 𝑢)𝑇𝑟𝑒𝑑  Eq. 2-4 

Where, 𝜂0,𝑏 is the peak collector efficiency, 𝑏𝑢 is the collector efficiency coefficient (wind 

dependence), 𝑏1 is the heat loss coefficient at zero reduced temperature, 𝑏2 is the wind 

dependence of heat loss coefficient, and 𝑢 is the mean wind speed over the panel. 

In the lab wind speed is kept constant, therefore the constants of Eq. 2-4 can be merged 

together and the thermal efficiency can be expressed as: 

 𝜂𝑇 = 𝜂0 − (𝑎1)𝑇𝑟𝑒𝑑 Eq. 2-5 

Where, 𝜂0 is the zero loss thermal efficiency at zero reduced temperature and 𝑎1 is the heat 

loss coefficient at zero reduced temperature and at a given wind speed. 

Eq. 2-5 is a first order equation representing a straight line with negative slope. Therefore, a 

first order curve fit to the measured data is a reasonable representation of the collector 

performance curve. 

Now going back to Figure 2-5, the vertical bars represent the standard deviation 

corresponding to each data point while the dotted lines (2 for each solid line) enveloping each 

solid line show the uncertainty bound for each curve fit. This means that any line lying 

between the uncertainty bounds will be a fit to the data with most suitable fit being the solid 

line plotted in the figure. 

It must be noted that at positive reduced temperatures the panel will lose heat to the ambient 

while at sub-zero reduced temperatures the panel will gain heat from the ambient. It can be 

seen in the figure, the higher the flow rate the higher the performance above zero reduced 

temperature and lower the performance below zero reduced temperature. This is due to the 
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fact that higher flow rate results in lower temperature gain by water through the panel. As will 

be discussed in the next chapter that due to the nature of the heat exchange between the 

panel and the ambient (convective + radiative), at lower flow rates the panel will lose more 

heat to the environment at higher reduced temperature, and will gain more heat from the 

environment at lower (sub-zero) reduced temperatures. It can be shown mathematically. 

Therefore, the PVT panel tends to perform better at lower reduced (sub-zero) temperatures at 

lower flow rates while it performs less at positive reduced temperatures at low flow rates. 

Hence we see the intersection between the performance curves around zero reduced 

temperature. 

 
Figure 2-5: Thermal efficiency - SolarTech reference PVT panel 

Figure 2-6 and Figure 2-7 show the results of measurement for the PVT panel with Silicon 

paste and the PVT panel with epoxy paste respectively. 

 
Figure 2-6: Thermal efficiency - SolarTech reference PVT panel with Silicon gel 
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Figure 2-7: Thermal efficiency - SolarTech reference PVT panel with epoxy paste 

 

Looking at Figure 2-5, Figure 2-6 and Figure 2-7 it can be seen that the introduction of the 

heat conducting paste improves the thermal performance of the panel by reducing the heat 

resistance between the absorber and the tubes. This is further elaborated in Figure 2-8 where 

the three panes are compared with respect to each other for 75 kg/hr flow rate. The zero loss 

thermal efficiency (at zero reduced temperature) goes up from 23 % to 28 % for the panel with 

epoxy paste and up to 31 % (35 % relative increase) for the panel with Silicon gel. 

 
Figure 2-8: Thermal efficiency at 75 kg/hr flow rate 

Figure 2-10, Figure 2-11 and Figure 2-12 show the electrical performance curves for the three 

SolarTech panels, plotted against the meat fluid temperature through the panels. The 

electrical efficiency depends on the cell temperature. However, since the cell temperature was 

not measured during the measurements, therefore the performance curves have been drawn 

against mean fluid temperature (which follows the same trend as the cell temperature) to 

show the effect of the panel temperature on the electrical performance. Looking at these 
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figures, it can be seen that as the temperature goes up the electrical efficiency goes down 

because the increasing cell temperature leads to reduction in cell voltage and as a 

consequence the power output.  

Furthermore, when looking at the curves for different flow rates it is difficult to observe a 

common trend for all the panels. Theoretically, the performance curve corresponding to higher 

flow rate should be higher as higher flow rate leads to lower panel temperature. However, this 

is not the case for all the panels. This can be attributed to the fact that measured efficiencies 

are in a narrow range, within ±0.01 (1 W on an absolute scale) in all cases. Moreover, in 

section 2.3 we have seen that the inaccuracy in the measurement of the electrical efficiency 

can be within ± 3 𝑊. Taking this into consideration it can be said that since these 

measurements lie within the uncertainty of the measurement it cannot be expected to obtain a 

clear trend for the electrical efficiency from the current measurements. 

 

 
Figure 2-9: Electrical efficiency - SolarTech reference PVT panel 

 

 
Figure 2-10: Electrical efficiency - SolarTech reference PVT panel with Silicon gel 
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Figure 2-11: Electrical efficiency - SolarTech reference PVT panel with epoxy paste 

2.5.2 Dimark Solar PVT Panel 
A type B configuration with two parallel channels in the absorber was tested in the lab. Figure 

2-12 shows the results of measurements for Dimark panel in the form of thermal performance 

curves. As expected the results are quite similar in nature as obtained for SolarTech panels. 

However, the thermal efficiencies are higher (zero loss efficiency of 56 % at 75 kg/hr flow rate) 

than the SolaTech panels due to the fact that Dimark uses a different absorber configuration 

with narrow channels which leads to a much better heat transfer to the working fluid. 

 
Figure 2-12: Thermal efficiency - Dimark Solar type B PVT panel 

Similarly, the electrical performance curve is given by Figure 2-13. 
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Figure 2-13: Electrical efficiency - Dimark Solar type B PVT panel 

2.6 Discussion and Conclusion – Measurements 

A test setup was built to measure the thermal and electrical performance of PVT collectors. 

This setup can measure the thermal efficiency with a relative standard uncertainty of 2.5 – 10 

%; and the electrical efficiency with a relative standard uncertainty of 2.5 %. Measurements 

were carried out on 4 different PVT panels from two manufacturers. It can be seen clearly 

from the measurements that both the electrical and the thermal efficiencies decrease with 

rising fluid temperature. The thermal and the electrical efficiencies are higher at higher flow 

rates. However, in case of electrical performance curves it is difficult to observe this trend due 

to the fact that electrical efficiency does not change significantly with temperature and the 

inaccuracies in the measurement of electrical efficiencies is within the uncertainty bound of 

the measurement. 

Three SolarTech panels with different heat conduction characteristics between the absorber 

and the tubes have been tested. The heat conduction is highest for the panel with silicon gel. 

Hence this panel performs the best. The panel without any heat conducting paste performs 

the worst due to the presence of an air gap in between the absorber and the tubes. 

Furthermore, the thermal performance of Dimark panel is higher than any of the SolarTech 

panels due to the different design of the absorber which leads to enhanced heat transfer 

between the absorber and the fluid. 
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3 Numerical Collector Model 

In addition to the performance measurement of the PVT panels numerical models were 

developed for each of the tested panel. In this chapter the thermal model for the unglazed 

PVT collector from SolarTech and Dimark Solar will be discussed. These models are 

validated against the steady state performance measurements carried out in the lab. These 

numerical models are based on the steady state collector model proposed by Vries [2]. Vries 

developed a steady state model for estimating the annual yield and steady state performance 

of glazed sheet and tube PVT collectors. He developed this thermal model by solving the 

energy balance across each layer simultaneously and iteratively, which gives a solution in 

terms of temperature of each layer, including the temperature of the working fluid at the PVT 

outlet. Knowing all the temperatures in the PVT, the thermal and electrical yield of the PVT 

can be estimated for a given set of operating conditions such as irradiation, wind speed, 

ambient temperature, fluid inlet temperature etc. He called this model second thermal model.  

Zondag [8], [9] further refined this model and used it to evaluate the performance of different 

PVT concepts. Santbergen improved this thermal model further, by focusing on the optical 

properties of the collectors and by incorporating the dependency of cell efficiency on the 

irradiation and the cell temperature, for better estimation of electrical performance [1]. Since in 

the case of a PVT collector thermal and electrical performances are linked to each other, 

better estimation of electrical performance resulted in a more accurate thermal model for PVT 

collectors. In the WenSDak project all the PVT panels are unglazed and use absorbers which 

are principally different from each other. These absorbers involve sheet and tube collector, 

Aluminum absorber consisting of flat channels, fully flooded collector, etc. Rutting made a few 

changes to the model from Sanbergen to adapt it for an unglazed sheet and tube type PVT 

collector [7].  

3.1 Collector Model 

In this work further adaptations and modifications have been made to the model proposed by 

Rutting, to fit it to the tested PVT panels. The main contribution to the development of the 

numerical model is as following: 

- During the indoor tests the panel is placed very close to the hot solar simulator 

surface which is approximately at 60 - 70 ° C. This leads to unnecessary infrared 

radiation heat gain from the hot simulator surface to the panel. This affect has been 

accounted for in this model. (Section 3.1.4) 

- The additional radiation heat gain is highly influenced by the spacing between the 

PVT panel and the solar simulator surface. This spacing is characterized by the view 

factor to the solar simulator with respect to the panel. This view factor has been 

incorporated in the model. (Section 3.1.4) 

- The tubes are in contact with the absorber only at certain points (refer to Figure 3-2). 

These fluid carrying tubes act as a heat sink for the absorber. The absorber will be 

coldest at the point of contact with the tubes. This leads to temperature gradient in the 

absorber in the direction perpendicular to the tubes. This affect has been taken into 

account in this model. (Section 0) 

- New correlations for estimating the convective heat transfer to the ambient, which are 

more suitable to the both indoor and outdoor operating conditions have been used in 

this model. These correlations have been taken from the existing literature on heat 

transfer over solid surfaces. For instance, the panel is horizontal during the indoor 

testing and the wind draft generated by the cooling fans is uni-directional. While 

during the outdoor testing the panel is inclined and the wind is changing direction 
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consistently. This difference in the setting leads to different natural and forced 

convection. In this model a distinction has been made between the convective heat 

loss during indoor testing and during the outdoor operations. (Section 3.1.3) 

- Dimark panel has unique fluid carrying channels in the absorber. The convective heat 

transfer from these channels to the fluid cannot be treated the same as the convective 

heat transfer between the circular tube and the fluid. This distinction has been 

incorporated in the model. (Section 3.2.1) 

- Using this model the outdoor performance of the panel can be assessed on the basis 

of indoor testing. This will be explained in section 3.3. 

The heat transfer is 3-dimensional within the panel - across the length, the width and the 

depth of the panel. This simplified model converts the 3 dimensional heat transfer into two 

dimensional heat flow, by assuming that the panel is stretched out along the flow direction. 

This means that the PVT panel is transformed into another rectangular panel of length equal 

to that of the total length of the tube in the panel, and the width equal to the distance between 

the axes of two successive parallel tubes in the panel as shown in Figure 3-1. 

 
Figure 3-1: Stretching out of the panel along the flow direction( Reproduced from Santbergen [1], page 102) 

The next step is to divide this stretched out panel into a number of panel segments as shown 

in Figure 3-1. Each segment carries a small length of the tube along with all other layers of the 

panel. The cross section of a panel segment for the SolarTech and the Dimark panels has 

been shown in Figure 3-2 and Figure 3-3 respectively. It is assumed that the only heat 

transfer between these segments is through the fluid flowing from one segment to another. 

Other layers between the two panels (such as the absorber, the glass, etc, across the 

successive segments) are isolated from each other. As the fluid flows through a panel 

segment it gains heat from the irradiation and heats up. The output fluid temperature from this 

panel segment serves as the input fluid temperature for the next segment. This simplifies the 

heat transfer in each segment as one dimensional, except the heat transfer in the absorber 

which needs to be treated differently. 

Figure 3-2 and Figure 3-3 show all the energy exchanges between the different layers of the 

panel. In both the panels the component on top is the PV module where thin film solar cells 

are sandwiched between the glass layers. Underneath is an Aluminum absorber either glued 

or pressed against the PV module. In case of SolarTech panels the absorber has U-shaped 

cavity with tubes in it to carry the circulating fluid. In case of Dimark panel the absorber has 

narrow channels at the back side of the absorber to carry the circulating fluid. Back side of 

both the panels has insulation underneath the absorber with a back cover encasing it. The 
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dimensions and the material description of both the PVT panel concepts is provided by 

Rutting [7](pages 8-12). 

 
Figure 3-2: Cross section of the SolarTech PVT panel 

 
Figure 3-3: Cross section of the Dimark Solar PVT panel (reproduced from Balkom [3], page 42) 

The solar irradiation is absorbed in the solar cells. A part of it is converted into electricity. Rest 

of the absorbed energy is converted into heat. Part of this absorbed energy dissipates to the 

environment through convection and radiation heat loss. The rest is converted into heat. The 

useful heat is conducted to the absorber through the back glass plate. From the absorber the 

heat is conducted to the fluid carrying tubes or channels along the absorber surface in the 

direction perpendicular to the length of the tube. Finally, this heat is carried away by the fluid 

circulating through the segment. 

The solution to this numerical model will be explained later in section 3.2.2. However, first we 

need to briefly understand the different heat transfer phenomenon occurring in the panel. 

3.1.1 Absorbed Irradiation 
The irradiation falling on the PVT panel is either reflected by the solar cells or absorbed and 

transmitted by the solar cells. The irradiation which is absorbed or transmitted is converted 

into heat and electricity. This is characterized by transmission-absorptions factor (𝜏𝛼) which is 

experimentally determined by Zondag for each of the panel investigated under WenSDak 

project [10]. Balkom has described this experiment in details and has listed the transmission-

absorption factor for each panel [3](pages 47-48). This factor refers to the fraction of incident 

irradiation which is not reflected back by the panel. It takes into account not only the 

irradiation falling on the solar cells but also the non-active material (such as. busbars) in 

between the solar cells. This factor is 0.937 for the SolarTech panel and 0.90 for the Dimark 

panel.  
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The total energy absorbed by the solar cells is given by 

𝑄𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛,𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 = (𝜏𝛼) ∙ 𝐴𝑠 ∙ 𝐺 Eq. 3-1 

Where, 𝐴 is the area of the panel segment, (𝜏𝛼) is the transmission-absorption factor for the 

panel, and 𝐺 is the incident global irradiance normal to the panel surface. 

3.1.2 Electricity Production 
Only a part of this absorbed irradiation is transformed into electricity. The biggest factor 

influencing the amount of electricity production is the cell technology which determines the cell 

efficiency (close to 15 % for the panels investigated under this project). The cell efficiency is 

further affected by the operating conditions such as the cell temperature and the irradiation. 

Therefore,The electricity produced by the panel is given by: 

𝑄𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 = 𝐹𝐺 ∙ 𝐹𝑇 ∙ 𝐴𝑠 ∙ 𝐺 ∙ 𝜂𝑆𝑇𝐶 Eq. 3-2 

Where, 𝐹𝐺 is the factor describing the dependency of the panel output on the incident 

irradiance, 𝐹𝑇 is the factor describing the dependency of the panel output on the temperature 

of the solar cells, and 𝜂𝑆𝑇𝐶 is the efficiency of the solar panel under standard test conditions, 

which are 1000 W/m
2
 AM1.5 solar irradiance and 25 °C cell temperature. 

The SolarTech panel uses CIGS cells while the Dimak panel uses polycrystalline silicon cells. 

Therefore, 𝐹𝐺 and 𝐹𝑇 are different for both the panels. In general CIGS solar cells perform 

more consistently with varying irradiance than the c-Si solar cells. 

Reich et al. have presented and compared the performance of different solar cell technologies 

with varying light intensity [11]. Figure 3-4 shows the cell efficiency percentage relative to the 

𝜂𝑆𝑇𝐶 for various solar cell technologies. This percentage divided by 100 is 𝐹𝐺. 

 
Figure 3-4: Comparison efficiencies relative to STC (Reproduced from Reich [11] 

 

𝐹𝑇 is given by: 

𝐹𝑇 = 1 + 𝛽𝑃 ∙ (𝑇𝑐𝑒𝑙𝑙 − 25) Eq. 3-3 

Where, 𝛽𝑃 is the power coefficient. It is - 0.0042 for the c-Si  PV used by Dimark (PVP-GExxx 

p/M) and - 0.0030 for CIGS panel (tsmc) used by SolarTech. Detailed specifications of these 

PV modules have been provided by Rutting [7](page 60, 61). 

3.1.3 Front Glass Convection to Air 
The top glass of the PVT panel exchanges heat with the surroundings via convection. This 

consists of free natural convection as well as forced convection due to the wind over the 

panel. The forced convection can be turbulent or laminar flow over the flat plate. Convective 
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heat transfer is characterizing by Nusselt number (𝑁𝑢), which is given in the literature for 

different flow conditions over a flat plate. The convective heat transfer coefficient and the 

Nusselt number are related by following expression, 

ℎ = 𝑁𝑢 ∙ 𝑘/𝐿𝑐  Eq. 3-4 

Where, ℎ is the convective heat transfer coefficient, 𝐿𝑐 is the characteristic length, and 𝑘 is the 
heat conductivity of the fluid. 
Therefore, to estimate h it is necessary to calculate the Nusselt number. Method to calculate 
the Nusselt number for different flow conditions over the flat plate is can be found in appendix 
A.  
Total convective heat transfer between the panel and the ambient is given by, 

𝑄𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛,𝑎𝑖𝑟 = 𝐴𝑠 ∙ ℎ𝑎𝑖𝑟 . (𝑇𝑔𝑙𝑎𝑠𝑠,𝑡𝑜𝑝 − 𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡)  Eq. 3-5 

Where, 𝐴𝑠 is the area of the panel segment and ℎ𝑎𝑖𝑟 is the convective heat transfer coefficient 
to air. 

3.1.4 Front Glass Radiation to Ambient 
The second heat exchange between the panel surface and the environment is through 

radiation heat exchange. In outdoor installation the panel exchanges radiative heat with the 

sky as well as the surroundings. However, in the lab the panel is directly facing the diffused 

surface of the solar simulator at a small distance of 10 cm from the panel surface. The 

diffused surface is at a temperature of 60 - 70 ° C. In the lab tests this leads to additional heat 

gains to the panel that would not occur in outdoor installations as the panel is looking at much 

cooler sky. Therefore, lab tests might over predict the thermal performance of the panel. To 

compensate for this additional radiative heat exchange a good radiation heat exchange model 

is needed. To incorporate this effect into the collector model the radiation network approach 

given by Incropera and Dewitt [12](page 881), for grey diffuse surfaces has been used. 

To estimate the radiative heat loss three surfaces have been considered to be exchanging 

radiation with each other – the panel, the simulator surface and the room. The room surfaces 

are painted carbon black therefore the room can be assumed to be behaving as a black body. 

Not much is known about the solar simulator surface (due to the confidentiality of its design) 

except that it is a diffused surface. The top surface of the panel is a transparent glass. 

However, the surface behind is the silicon solar cell which is responsible for the reflection. The 

cell manufacturers introduce surface roughness to this surface to decrease the specular 

reflection. Therefore, this surface can also be assumed to be a diffused surface. In this 

analysis both the simulator surface and the panel surface have been assumed to be grey and 

diffused surfaces, so that the radiation network model can be applied. This assumption will be 

validated by comparing the results of the model with the lab measurements. 

Using the radiation network model, the net radiative heat loss from the panel to the ambient 

can be written using the radiation network approach. 

𝑄𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛,𝑎𝑖𝑟 = 𝑞1 =
𝜎(𝑇1 + 273.15)4 − 𝐽1

(1 − 휀1)/휀1𝐴1

  Eq. 3-6 

 

Where 𝐽1 is the radiosity of the PVT panel, 𝑇1 is the temperature of the PVT panel, 휀1 is the 

emissivity of the PVT panel surface and 𝐴1 is the gross area of the PVT panel. 

Radiosity of a surface is defined as the sum of the irradiance emitted and reflected by the 

surface. Therefore, 

𝐽𝑖 = 휀𝑖𝐸𝑏,𝑖 + (1 − 휀𝑖)𝐺𝑖  Eq. 3-7 

Where, 𝐺𝑖 is the incident irradiance on the ith surface. 

The emissive power of a black body is given by Kirchoff’s law of radiation. 

𝐸𝑏,𝑖 = 𝜎(𝑇𝑖 + 273.15)4  Eq. 3-8 
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If the ith surface behaves like a black body there is no reflection from the surface. Therefore, 

from Eq. 3-7 and Eq. 3-8 the radiosity of the ith surface is given by, 

𝐽𝑏,𝑖 = 𝐸𝑏,𝑖 = 𝜎(𝑇𝑖 + 273.15)4  Eq. 3-9 

In case of outdoor installation, the panel loses heat via radiation to the cold sky and to the 

surrounding features which are assumed to be ground in this case. The sky and the 

surroundings are large surfaces compared to the panel and hence are considered black 

bodies. Using the same as approach as above the radiative heat loss by the panel to the 

ambient can be written in a simplified manner as (refer to Appendix B): 

𝑄𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛,𝑎𝑖𝑟 = 𝐴𝑠 ∙ 𝜎 ∙ 휀𝑔𝑙𝑎𝑠𝑠,𝑡𝑜𝑝 ((𝐹𝑝𝑎𝑛𝑒𝑙 𝑡𝑜 𝑠𝑘𝑦 ((273.15 + 𝑇𝑔𝑙𝑎𝑠𝑠,𝑡𝑜𝑝) 4 − (273.15 +

𝑇𝑠𝑘𝑦)
4

)) + (𝐹𝑝𝑎𝑛𝑒𝑙 𝑡𝑜 𝑔𝑟𝑜𝑢𝑛𝑑 ((273.15 + 𝑇𝑔𝑙𝑎𝑠𝑠,𝑡𝑜𝑝) 4 − (273.15 + 𝑇𝑔𝑟𝑜𝑢𝑛𝑑)
4

)))  
 Eq. 3-10 

Where, 𝐴𝑠 is the area of the panel segment, 𝜎 is Stefan Boltzmann’s constant, 휀𝑔𝑙𝑎𝑠𝑠,𝑡𝑜𝑝 is the 

emissivity of the top glass surface, 𝐹 = (1 − 𝑐𝑜𝑠𝜃)/2 is the view factor from the panel to the 

sky 𝐹𝑝𝑎𝑛𝑒𝑙 𝑡𝑜 𝑠𝑘𝑦 = (1 − 𝑐𝑜𝑠𝜃)/2  is the view factor from the panel to the sky, 𝑇𝑔𝑙𝑎𝑠𝑠,𝑡𝑜𝑝 is the 

temperature of the top glass surface, 𝜃 is the inclination of the panel to the horizontal in 

radians, and  𝑇𝑠𝑘𝑦, is the sky temperature: 

Sky temperature is correlated to the ambient temperature by following relation [9](page 24): 

(𝑇𝑠𝑘𝑦 + 273.15) = 0.0552 ∙ (𝑇𝑎 + 273.15)0.5  Eq. 3-11 

Where, 𝑇𝑎 is the ambient temperature. 

3.1.5  Heat Conduction 
Top glass heat conduction 

Heat is lost from the solar cells to the ambient by conduction through the top glass. At steady 

state the heat conduction through the top glass is given by Fourier’s law of heat conduction, 

𝑄𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛,𝑡𝑜𝑝 𝑔𝑙𝑎𝑠𝑠 = −𝑘𝑡𝑜𝑝 𝑔𝑙𝑎𝑠𝑠 ∙ 𝐴𝑠 ∙
∆𝑇

𝛿𝑡𝑜𝑝 𝑔𝑙𝑎𝑠𝑠

  Eq. 3-12 

Where, 𝑘𝑡𝑜𝑝 𝑔𝑙𝑎𝑠𝑠 is the heat conductivity of the top glass cover, 𝐴𝑠 is the area of the panel 

segment, ∆𝑇 is the temperature difference along the glass thickness, and 𝛿𝑡𝑜𝑝 𝑔𝑙𝑎𝑠𝑠 is the 

thickness of the top glass. 

 

Back Glass Heat Conduction 

The heat is carried from the solar cells to the absorber by conduction through the back glass. 

In addition, there is a contact resistance (𝑅𝑐𝑜𝑛𝑡𝑎𝑐𝑡) between the PV glass and the absorber. At 

steady state the heat conduction through the back glass is given by: 

𝑄𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛,𝑏𝑎𝑐𝑘 𝑔𝑙𝑎𝑠𝑠 = −
∆𝑇

𝛿𝑏𝑎𝑐𝑘 𝑔𝑙𝑎𝑠𝑠

𝑘𝑏𝑎𝑐𝑘 𝑔𝑙𝑎𝑠𝑠 ∙ 𝐴𝑠
+

𝑅𝑐𝑜𝑛𝑡𝑎𝑐𝑡

𝐴𝑠

 
 Eq. 3-13 

Where, 𝑘𝑏𝑎𝑐𝑘 𝑔𝑙𝑎𝑠𝑠 is the heat conductivity of the back glass,  ∆𝑇 is the temperature difference 

along the glass thickness, 𝛿𝑏𝑎𝑐𝑘 𝑔𝑙𝑎𝑠𝑠 is thickness of the glass in m, and 𝑅𝑐𝑜𝑛𝑡𝑎𝑐𝑡 is the contact 

resistance between the PV glass and the absorber. 

 

Heat Conduction in Absorber 

Figure 3-5 shows the absorber along with the adjacent layers in the SolarTech panel. The 

arrows show the direction of heat conduction in the absorber. Heat is conducted through the 

absorber in two directions - along the thickness of the absorber and along the surface of the 

absorber. Since the thickness of the absorber is very small and Aluminum is a very good 

conductor, there is almost no resistance to heat flow along the thickness of the absorber. 

However, the heat needs to flow from the absorber to the tubes that carry the circulating fluid. 
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These tubes act as a sink for the heat. This creates gradients in the absorber in the direction 

perpendicular to the tubes. Here forth in this report, this effect will be called the fin effect.  

In the curved section of the absorber the heat flows only radially, to the tube, due to the 

presence of the tube as heat sink. There, are no temperature gradients in this section of the 

absorber. The red curve in Figure 3-5 represents the temperature profile across the absorber. 

This profile will be derived later in this section. 

 
Figure 3-5: Heat conduction in SolarTech Aluminum absorber 

Since the PV laminate and the Aluminum absorber are pressed together mechanically, there 

is only limited contact between them. Due to this reason the the fin effect is assumed to be 

absent in the glass on top of the absorber. 

To estimate the heat conduction from the absorber to the tubes the heat conduction model 

described by Duffie and Beckman is used [13](page 254). This model is described in appendix 

C. 

The heat transfer from the absorber to the tube is given by: 

𝑄𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛,𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑟 𝑡𝑜 𝑡𝑢𝑏𝑒 = −(𝑊 − 𝐷) ∙ 𝐹 ∙ 𝑈𝑙 ∙ 𝑙 ∙ (𝑇𝑏 − 𝑇𝑒𝑓𝑓) 

−𝑝𝑖 ∙  𝑑𝑐𝑎𝑣𝑖𝑡𝑦 ∙ 𝑙 ∙ 𝑈𝑏 ∙ (𝑇𝑏 − 𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡)/2 
 Eq. 3-14 

Where, 𝑊 is the centre-to-centre distance between two adjacent tubes, 𝐷 is the outer 

diameter of the tube, 𝑙 is the length of one panel segment, 𝑇𝑏 is the temperature of the 

absorber where it is in contact with the tube, and 𝑑𝑐𝑎𝑣𝑖𝑡𝑦 is the diameter of the U-shaped 

cavity. 

𝐹 is given by 
𝑡𝑎𝑛ℎ

𝑚(𝑊−𝐷)

2
𝑚(𝑊−𝐷)

2

; 𝑈𝑙 is given by 𝑈𝑡 + 𝑈𝑏. Where, 𝑈𝑡 is the heat loss coefficient 

between the absorber and the PV cells and 𝑈𝑏 is the back heat loss coefficient between the 

absorber and the air. 𝑇𝑒𝑓𝑓 is given by 
𝑈𝑡∙𝑇𝑐+𝑈𝑏∙𝑇𝑎

𝑈𝑙
. 

For Dimark panel, the distance between the channels and the width of the channels are of the 

same order. Furthermore, since the channels are within the Aluminum absorber the heat 

resistance is minimal. Therefore, it has been assumed that there are no thermal gradients 

present within a single Aluminum absorber segment. Hence the above described heat 

conduction model although applicable, is not required. We can safely assume the absorber 

segment to be isothermal, meaning that the temperature of the absorber away from the 

channel is the same as the temperature of the absorber at the channel. 

 

Heat Conduction from the Absorber to the Back Side 

Heat is lost from the absorber to the ambient via conduction through the backside of the 

panel. At steady state the heat conduction through the backside is given as:  
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𝑄𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛,𝑏𝑎𝑐𝑘 𝑠𝑖𝑑𝑒 = −𝑘𝑏𝑎𝑐𝑘 𝑖𝑛𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 ∙ 𝐴𝑠 ∙
∆𝑇

𝛿𝑖𝑛𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛

  Eq. 3-15 

Where, 𝑘𝑏𝑎𝑐𝑘 𝑖𝑛𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 is the heat conductivity of the back insulation, ∆𝑇 is the temperature 

difference between the absorber and the ambient, and 𝛿𝑖𝑛𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛𝑠 is thickness of the 

insulation.  

The backside of the panel is assumed to be at ambient temperature as it is insulated from the 

rest of the panel. 

3.2 Heat Transfer from Absorber to the Inside of the 
Tube 

Figure 3-6 shows the coupling of the absorber and the tube or the channel for the two PVT 

panel concepts. The SolarTech panel has a small air gap with minor contact between the tube 

and the U-shaped cavity of the absorber while Dimark panel has the channel within the 

absorber. In case of Dimark panel since the channel is within a thin Aluminum absorber there 

is almost no resistance to heat transfer between the absorber and the inside of the channel. 

However, in case of SolarTech panel due to the air gap and a non-metallic tube there is 

significant resistance between the Aluminum absorber and the inside of the tube. This air gap 

can be filled with a heat conducting paste such as Epoxy or a Silicon paste to reduce the 

thermal resistance to heat transfer. 

 
Figure 3-6: The Tube inside the U-shaped cavity of the Aluminum absorber - SolarTech, (b) Channel within the 

Aluminum absorber – Dimark 

For SolarTech panel, the curved absorber section is not ideally circular and it has been 

assumed that only a part of the circumference of the tube is in contact with the absorber. For 

the rest of the circumference there is an air gap between the tube and the cavity. Therefore, 

the resistance through the air gap is the parallel combination of the resistance through air and 

the contact resistance between the cavity and the tube. The resistance to heat transfer 

between the absorber and the inside of the tube is given by following set of equations for a 

cylindrical hollow conductor with radial heat flow [12](page 137): 

𝑅𝑎𝑖𝑟 𝑔𝑎𝑝,𝑎𝑖𝑟 = log (
𝑑𝑐𝑎𝑣𝑖𝑡𝑦

𝑑𝑡𝑢𝑏𝑒,𝑜𝑢𝑡𝑒𝑟
) /(2 ∙ 𝑝𝑖 ∙ 𝑘𝑎𝑖𝑟 ∙ 𝑙 ∙ (1 − 𝑦))  Eq. 3-16 

𝑅𝑎𝑖𝑟 𝑔𝑎𝑝,𝑐𝑜𝑛𝑡𝑎𝑐𝑡 = log (
𝑑𝑐𝑎𝑣𝑖𝑡𝑦

𝑑𝑡𝑢𝑏𝑒,𝑜𝑢𝑡𝑒𝑟
) /(2 ∙ 𝑝𝑖 ∙ 𝑘𝑎𝑖𝑟 ∙ 𝑙 ∙ 𝑦)  Eq. 3-17 

Where, 𝑑𝑐𝑎𝑣𝑖𝑡𝑦 is the diameter of the U-shaped cavity, 𝑑𝑡𝑢𝑏𝑒,𝑜𝑢𝑡𝑒𝑟 is the outer diameter of the 

tube, 𝑘𝑎𝑖𝑟 is the heat conductivity of air,  𝑙 is the length of the segment, and 𝑦 is the fraction of 

the tube circumference that is in direct contact with the cavity. 𝑦 can only be estimated 

experimentally. 

The resistance between the cavity and the tube is given by: 

𝑅𝑐𝑎𝑣𝑖𝑡𝑦 𝑡𝑜 𝑡𝑢𝑏𝑒 =
1

1/𝑅𝑎𝑖𝑟 𝑔𝑎𝑝,𝑎𝑖𝑟
+

1

1/𝑅𝑎𝑖𝑟 𝑔𝑎𝑝,𝑐𝑜𝑛𝑡𝑎𝑐𝑡
  Eq. 3-18 

If the air gap is filled with a heat conducting paste, then, 

𝑅𝑐𝑎𝑣𝑖𝑡𝑦 𝑡𝑜 𝑡𝑢𝑏𝑒 = log (
𝑑𝑐𝑎𝑣𝑖𝑡𝑦

𝑑𝑡𝑢𝑏𝑒,𝑜𝑢𝑡𝑒𝑟
) /(2 ∙ 𝑝𝑖 ∙ 𝑘𝑝𝑎𝑠𝑡𝑒 ∙ 𝑙)   Eq. 3-19 
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Where, 𝑘𝑝𝑎𝑠𝑡𝑒 is the heat conductivity of the heat conducting paste. 

The thermal resistance through the tube is given by 

𝑅 𝑡𝑢𝑏𝑒 = log (
𝑑𝑡𝑢𝑏𝑒,𝑜𝑢𝑡𝑒𝑟

𝑑𝑡𝑢𝑏𝑒,𝑖𝑛𝑛𝑒𝑟
) /(2 ∙ 𝑝𝑖 ∙ 𝑘𝑡𝑢𝑏𝑒 ∙ 𝑙)   Eq. 3-20 

Where, 𝑘𝑡𝑢𝑏𝑒 is the heat conductivity of the tube in W/m-K. 

The total resistance to heat transfer between the cavity and the tube inner surface is given as 
the sum of the resistance from the cavity to the tube (𝑅𝑐𝑎𝑣𝑖𝑡𝑦 𝑡𝑜 𝑡𝑢𝑏𝑒) and the resistance through 

the tube (𝑅 𝑡𝑢𝑏𝑒). Therefore, the heat transfer between the absorber and the tube inner surface 

is given by 

𝑄 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑟 𝑡𝑜 𝑡𝑢𝑏𝑒 𝑖𝑛𝑠𝑖𝑑𝑒 =
𝑇𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑟−𝑇𝑡𝑢𝑏𝑒,𝑖𝑛𝑠𝑖𝑑𝑒

(𝑅𝑐𝑎𝑣𝑖𝑡𝑦 𝑡𝑜 𝑡𝑢𝑏𝑒+𝑅 𝑡𝑢𝑏𝑒)
   Eq. 3-21 

3.2.1 Convection to Fluid 
The fluid that flows through the collector gets heated up by tube or duct walls through 

convection. In the SolarTech panel the flow is in contact with the cylindrical tubes. The 

convective heat transfer depends on whether the flow is laminar or turbulent. Turbulence in 

the flow enhances the convective heat transfer. The flow is fully laminar if Reynolds number, 

𝑅𝑒𝐷 < 2300, and fully turbulent if 𝑅𝑒𝐷 > 1 ∙ 104. For the intermediate Reynolds number  there 

is a transition rom laminar to turbulent flow. 

The convective heat transfer to the fluid is given by: 

𝑄𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 𝑡𝑜 𝑓𝑙𝑢𝑖𝑑 = (𝑁𝑢𝐷 ∙ 𝑘𝑓/𝐷ℎ) ∙ 𝑃𝐷 ∙ 𝑙(𝑇𝑡𝑢𝑏𝑒,𝑖𝑛𝑠𝑖𝑑𝑒 − 𝑇𝑓) ∙ 𝑛𝑐ℎ𝑎𝑛𝑛𝑒𝑙 Eq. 3-22 

Where, 𝑘𝑓 is the heat conductivity of the circulating fluid in W/m-K, 𝑃𝐷 is the inner perimeter of 

the tube in m, 𝑙 is the length of the panel segment, 𝑇𝑓 is the average fluid temperature in the 

tube given by (𝑇𝑓,𝑖𝑛 + 𝑇𝑓,𝑜𝑢𝑡)/2, and 𝑛𝑐ℎ𝑎𝑛𝑛𝑒𝑙 is the number of parallel channels in one panel 

segment which is one for SolarTech panel and 3 for the Dimark panel 

3.2.2 System of Heat Balance Equations 
The model must satisfy the heat balance of different layers in the PVT panel under steady 

state as stated following: 

Top glass cover 

𝑄𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛,𝑡𝑜𝑝 𝑔𝑙𝑎𝑠𝑠 − 𝑄𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛,𝑎𝑖𝑟 − 𝑄𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛,𝑎𝑖𝑟 = 0         Eq. 3-23 

Solar cells 

𝑄𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛,𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 − 𝑄𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 − 𝑄𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛,𝑡𝑜𝑝 𝑔𝑙𝑎𝑠𝑠 − 𝑄𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛,𝑏𝑎𝑐𝑘 𝑔𝑙𝑎𝑠𝑠 = 0 Eq. 3-24 

Metal absorber flat surface 

𝑄𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛,𝑏𝑎𝑐𝑘 𝑔𝑙𝑎𝑠𝑠 − 𝑄𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛,𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑟 𝑡𝑜 𝑡𝑢𝑏𝑒 − 𝑄𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛,𝑏𝑎𝑐𝑘 𝑠𝑖𝑑𝑒 = 0 Eq. 3-25 

Absorber U-shaped cavity 

𝑄 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑟 𝑡𝑜 𝑡𝑢𝑏𝑒 𝑖𝑛𝑠𝑖𝑑𝑒 − 𝑄𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛,𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑟 𝑡𝑜 𝑡𝑢𝑏𝑒 = 0 Eq. 3-26 

Tube/Channel inner surface 

𝑄 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑟 𝑡𝑜 𝑡𝑢𝑏𝑒 𝑖𝑛𝑠𝑖𝑑𝑒 − 𝑄𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 𝑡𝑜 𝑓𝑙𝑢𝑖𝑑 = 0 Eq. 3-27 

Fluid volume 

𝑄𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 𝑡𝑜 𝑓𝑙𝑢𝑖𝑑 − 𝑄𝑡ℎ = 0 Eq. 3-28 

Where, Qth, the thermal output of the segment is given by: 

𝑄𝑡ℎ = �̇� ∙ 𝐶𝑝 ∙ (𝑇𝑓,𝑜𝑢𝑡 − 𝑇𝑓,𝑖𝑛) Eq. 3-29 

Where, �̇� is the mass flow rate of the circulating fluid, and 𝐶𝑝 is the specific heat capacity of 

the circulating fluid. 

The working of the numerical model is explained in steps as follows: 
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1. The panel is divided into a number of panel segments. It was observed that for 

division of the panel into 4 or higher panel segments the model gives accurate results. 

2. The above mentioned system of heat balance is solved for each panel segment. The 

input conditions to each set of equations is the fluid inlet temperature, the wind speed, 

the irradiation normal to the panel, the air temperature and the temperature of 

surrounding surfaces. The inlet fluid temperature to the first panel segment is the 

temperature of fluid entering the panel. The inlet fluid temperature to other panel 

segments is the outlet water temperature of the previous panel segment (obtained by 

solving the set of heat balance equations for the previous segment).  

3. There are 6 unknown variables in this set of 6 equations (Eq. 3-23 to Eq. 3-28) - 
𝑇𝑔𝑙𝑎𝑠𝑠 𝑡𝑜𝑝, 𝑇𝑐𝑒𝑙𝑙, 𝑇𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑟, 𝑇𝑐𝑎𝑣𝑖𝑡𝑦 , 𝑇𝑡𝑢𝑏𝑒,𝑖𝑛𝑛𝑒𝑟 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 and 𝑇𝑓𝑙𝑢𝑖𝑑,𝑜𝑢𝑡. 

4. The simulation starts by assuming the unknown temperatures for the segment and 

make iterative corrections to these temperatures until all the heat balance equations 

are satisfied. The final value of these temperatures gives the solution for that 
segment. Final value of 𝑇𝑓𝑙𝑢𝑖𝑑,𝑜𝑢𝑡 for this segment is an input to the next segment. 

Following this method and solving for each segment a temperature distribution over 

the whole panel, across each layer of the panel is obtained. 

5. The thermal output of this panel can be calculated by knowing the fluid outlet 

temperature of the final segment and using Eq. 3-29. 

6. At the same time knowing the average cell temperature in each segment, the 

electrical output of each segment can be estimated in accordance with Eq. 3-2. 

Therefore, this numerical model not only gives the temperature distribution over the panel, 

across each layer, but also the thermal and electrical output of the PVT panel. In the next 

section this model has been validated by comparing the results from the model with the lab 

measurements. 

3.3 Collector Model Validation - Results 

The numerical model discussed in section 3.1 was validated with the results of the 

measurements in the lab, for both the SolarTech and the Dimark panels. To validate the 

model the thermal and the electrical efficiency of the panel was calculated using the numerical 

model, for the same set of operating conditions as in the lab measurements, such as the inlet 

water temperature, the irradiation (1000 W/m
2
), the air speed (4.5 m/s, the values measured 

were between 3.5 – 5.0 m/s), and the ambient temperature. Finally, the thermal efficiency 

calculated with the model was plotted against the performance curves plotted in section 2.5.  

3.3.1 SolarTech Model 
The numerical model was validated against the measurements performed on the three 

SolarTech panels. However, there are a few parameters which are not known for this panel 

and need to be determined experimentally. The numerical model was used to estimate those 

parameters. These design parameters are as following: 

 𝑹𝒄𝒂𝒗𝒊𝒕𝒚 𝒕𝒐 𝒕𝒖𝒃𝒆: In case of the reference panel without any heat conducting paste the 

thermal resistance between the cavity and the tube is not known. The tube is in partial 

contact with the cavity. The remaining space is filled with air. 

 𝑹𝒄𝒐𝒏𝒕𝒂𝒄𝒕: The contact resistance between the PV glass and the absorber is not known. 

The absorber is simply pressed against the PV glass by mechanical means. A few 

thermocouples were installed on the absorber in the reference panel and the panel 

with epoxy paste. Since the thermocouples have some thickness and were placed in 

between the PV glass and the absorber it hampers the contact between the two 

surfaces. It is assumed that this makes the thermal contact between the PV glass and 

the absorber even worse. Therefore, it is expected that the contact resistance in case 



 

 

3-29 Modelling and system analysis of new photovoltaic thermal solar collectors  
 
 

of panel with silicon paste, where no internal thermocouples were installed, will be 

smaller than the contact resistance in other two panels. 

The methodology for estimating these design parameters by using the numerical model is as 

following: 
An unknown resistance was calculated by comparing the model against a number of 
measurements while varying the unknown resistance until a reasonable match is obtained. 
The value of the resistance at this point is the estimated value of this resistance. 
Next, the model results were compared against another set of measurements using the value 
of the unknown resistance which was just calculated. If the model and the measurement are 
in agreement again that meant that both the calculated value of the unknown parameter and 
the model are correct.  
Therefore, following this procedure, first the model results for the reference panel with epoxy 
paste were compared with the measurement results while changing Rcontact until the results 

matched reasonably. This was the estimated value of Rcontact. Now this value was plugged 
into the model and the model results for the reference panel without heat conducting paste 
were compared with the measurements while varying Rcavity to tube until the results matched 

reasonably. This value was taken as the estimated value of Rcavity to tube. A similar approach 

was followed for the panel with silicon paste. Using these values the model results were 
compared with the measurement results for each panel for three different flow rates. Figure 
3-7, Figure 3-8 and Figure 3-9 show the comparison between the measurements and the 
outcome of the numerical model for the three panels respectively. The contact resistance 
between the PV and the absorber for the reference panel and for the panel with epoxy paste 

was estimated to be 2.57 ∙ 10−2 m2 − K/W. For the panels without the paste and with the 
epoxy paste, thermocouples were installed between the PV glass and the absorber. While for 
the panel with silicon paste no such thermocouples were hindering the thermal contact 
between the PV glass and the absorber. Therefore, the panel with the silicon paste had 
relatively better thermal contact between the PV glass and the absorber. Hence, the contact 

resistance for this panel was estimated to be lower at 1.82 ∙ 10−2 m2 − K/W. Similarly for the 
reference panel the resistance between the cavity and the tube was estimated to be 8.14 ∙
10−2 m2 − K/W. Furthermore, for these values of 𝑹𝒄𝒂𝒗𝒊𝒕𝒚 𝒕𝒐 𝒕𝒖𝒃𝒆 and 𝑹𝒄𝒐𝒏𝒕𝒂𝒄𝒕 the model results 

match closely with the measured values for all the data points across all the flows. Therefore, 
the aforementioned values have been taken as the reasonably correct values of the 
resistances.  

 

 
Figure 3-7: Thermal performance comparison model vs measurements – SolarTech reference panel 
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Figure 3-8: Thermal performance comparison model vs measurements – SolarTech panel with epoxy paste 

 
Figure 3-9: Thermal performance comparison model vs measurements – SolarTech panel with silicon paste 

Similarly, the electrical performances were compared based on the measured data and model 
results by Balkom [3], as shown in Figure 3-10, Figure 3-11 and Figure 3-12. Eq. 3-2 and Eq. 
3-3 describe the dependence of the electrical efficiency on mean cell temperature. However, 
since the cell temperature was not measured during the measurements, therefore the 
performance curves have been drawn against mean fluid temperature. Looking at these 
figures, at first glance it seems that there is a mismatch between the modeled and the 
measured data. However, looking closely it can be observed that the measured electrical 
efficiency differs from the value estimated by the model in a narrow range, within ±0.06 (6 W 
on an absolute scale) in all cases. Moreover, in section 2.3 we have seen that the inaccuracy 
in the measurement of the electrical efficiency can be ± 3 𝑊. Taking this into consideration it 
can be said that the model predicts the electrical efficiency fairly accurately.  
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Figure 3-10: Electrical performance comparison model vs measurements – SolarTech reference panel 

 
Figure 3-11: Electrical performance comparison model vs measurements – SolarTech panel with epoxy paste 
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Figure 3-12: Electrical performance comparison model vs measurements – SolarTech panel with silicon paste 

Moving on to the model validation for the Dimark panel, similar comparisons of thermal and 

electrical performance between the measured data and the model calculations were drawn, 

as shown in Figure 3-13 and Figure 3-14. In this case also the numerical model gives a fairly 

accurate estimation of the thermal efficiency. However, the model predicts slightly higher 

electrical performance when compared with the measurements. This might be due to the 

presence of the crack on the PVT panel surface that might have resulted in reduction of the 

radiation reaching the cells. The contact resistance between the PV glass and the absorber in 

this case was estimated to be 1.8 ∙ 10−2 m2 − K/W. 

 

Figure 3-13: Thermal performance comparison model vs measurements – Dimark panel 
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Figure 3-14: Electrical performance comparison model vs measurements – Dimark panel 

Finally, the models were also validated by comparing the temperatures at different layers 

within the PVT panels against the temperatures measured at the same points. For SolarTech 

panel a number of thermocouples were installed inside the panel in 2 locations (as shown in 

Figure 3-15) along the length of the tube, called zone 1 (at one-third length of the tube, from 

the inlet) and zone 2 (at two-third length of the tube, from the inlet). It also shows the wind 

direction due to the draft created by the simulator. This wind direction is of important for 

comparing the measurements with the model result. 

Table 3-1 shows the temperatures measured and the temperatures estimated using the 

numerical model, for different points in the panel. By comparing the results it can be seen that 

the model gives a very good approximation of the actual behaviour of the panel except a few 

measurement points marked by asterisks in the table.  

The model predicts higher absorber temperatures in zone1 and lower top glass surface 

temperature in zone 2. The higher measured surface temperature in zone 2 can be explained 

by the fact that the solar simulator and the panel are very closely placed (10 cm apart) and the 

simulator surface is at a temperature of 60 – 70 ° C. As air flows through this gap it gains heat 

from both surfaces. Unable to escape it causes additional heating of the panel surface close 

to the exit. 

The model predicts lower temperature of the absorber in zone 1. This cannot be explained 

except considering the possibility that the thermocouples were not placed properly and the 

thermal contact between the PV glass and the absorber in zone 1 was not good due to the 

placement of the thermocouples in between the two surfaces. Similar temperature trends 

were observed for measurements with the SolarTech reference panel, shown by Balkom [3] 

(page 36). 

Balkom [3](page 51) also conducted similar measurement for Dimark panel by measuring 

temperatures at different points in the panel and comparing them with the model. Again, the 

model showed good convergence to the measurements. 

In conclusion, the numerical model described in section 3.1 represents the SolarTech and the 

Dimark panel within reasonable accuracy. Since it is a steady state model it can be used to 

predict the behaviour of the panels under steady state operating conditions. Moreover, this 

numerical model can be used to estimate annual thermal and electrical yields from the panel. 

In future work, this numerical model will be validated against the outdoor measurements that 

are being carried out within WenSDak project.  
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Figure 3-15: Thermocouple placement within SolarTech Panel 

 

 

Measured Model 

inlet water temperature 11,73 11,73 

outlet water temperature 22,33 21,92 

ambient temperature 26,36 26,36 

ZONE 1 

  average water temperature zone 1 14,01 14,95 

absorber temperature edge zone 1* 27,25 33,36 

absorber temperature center zone 1* 30,74 38,24 

top glass surface temperature zone 1 49,17 49,88 

ZONE 2 

  average water temperature zone 2 18,73 18,56 

absorber temperature edge zone 2 35,91 35,57 

absorber temperature center zone 2 39,59 40,11 

top glass surface temperature zone 2* 55,62 50,87 

Table 3-1: Measurement results vs model results for the SolarTech panel with Epoxy paste running at flow rate 30 

l/h 

3.4 Design Improvements Based on Model Results 

After validating the numerical model the next step was to use the numerical model for design 

optimization of the SolarTech and the Dimark panels. 

During the analysis of the SolarTech Panel it was found that there are two big resistances to 

heat transfer within the panel. They are the resistance between the PV glass and the 

absorber; and the resistance between the absorber and the tubes. The tubes itself are made 

from polyethylene which adds substantial resistance to heat transfer. Moreover, the distance 

between the tubes within the panel also affects the heat transfer to water. It is reasonable to 

investigate how much the thermal performance of the panel can be improved by improving 

these parameters.  
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Figure 3-16 compares the thermal efficiency of the SolarTech panel for different design 

improvements for a flow rate of 75 kr/hr and a constant wind speed of 2 m/s. It shows how 

much the thermal efficiency can be improved if each of the design improvement is 

implemented separately. Looking at the zero loss thermal efficiency (thermal efficiency at zero 

reduced temperature), if the resistance between the absorber and the tube is eliminated the 

thermal efficiency will go up by 25 % when comparing it with the reference panel. This number 

goes up to 43 % in case of perfect contact between the PV glass and the absorber. Similarly, 

thermal efficiency is expected to increase with reducing tube separation. However, in this 

case the SolarTech panel behaves in the opposite manner. This is due to an unusual design 

of the absorber. It can be seen in Figure 3-5 that there is no absorber under the PV glass and 

on top of the tube. Reducing the tube separation means introducing more tubes in the panel 

and as a consequence removing more and more absorber surface from the panel. This will 

lead to reduced heat transfer between the PV glass and the absorber and therefore lower 

thermal performance. 

Next step in optimizing the SolarTech panel will be to investigate the cumulative affect of the 

aforementioned design improvements. Figure 3-17 shows that the zero loss thermal efficiency 

can be improved by 94 % (almost doubled) by improving the thermal contact between the PV 

glass and the absorber, and the thermal contact between the absorber and the tube, at the 

same time. It is noteworthy that perfect thermal contact is a hypothetical case. However, it 

gives an idea about the potential of imprvement in the panel. 

A similar analysis was performed for the Dimark panel and the results of the effect of the 

design improvements can be seen in Figure 3-18. Reducing the thickness of the glass 

separating the solar cells and the absorber will reduce the thermal resistance. However, the 

impact it makes on the thermal performance is insignificant. On the other hand, by improving 

the thermal contact between the PV glass and the absorber the thermal efficiency can be 

improved by up to 27 %. In this case the overall improvement in thermal performance is lower 

compared to the SolarTech panel. This is due to the fact that the Dimark panel is already well 

designed from the heat transfer point of view. Therefore, the scope of improvement is lower. 

 

 
Figure 3-16: Thermal efficiency optimization by varying design parameters separately - SolarTech 
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Figure 3-17: Thermal efficiency optimization by varying design parameters together - SolarTech 

 

 
Figure 3-18: Thermal efficiency optimization by varying design parameters separately – Dimark 

The numerical model developed in this chapter can be used to estimate annual yield of the 

PVT in a system. The annual yield of a PVT in a system largely depends on the type of the 

system, system configuration, etc. In a real system the PVT is normally connected to storage. 

The temperature input to the panel varies depending upon the temperature of the storage. At 

the same time fluid flowrate through the panel keeps on fluctuating. In this case, to compare 

different PVT concepts, the annual simulation is simplified by keeping the inlet fluid 

temperature and fluid flowrate fixed throughout the year. This simplification is good enough to 

compare different PVT concepts under identical conditions, however, not good enough to 

estimate the actual annual yield. Following this approach the annual yield for three SolarTech 

PVT concepts is plotted in Figure 3-19. Vertical bars in this figure show monthly output of the 

PVT panel per square meter of PVT installed. The annual yield of the reference panel is 242 
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kWh per square meter of PVT installed. Panel with Epoxy paste produces 5.3 % higher yield 

(255 kWh/m2-year) while the panel with Silicon paste, being the most effectiant AolaTEch 

PVT panel, produces 12.8 % higher yield (273 kWh/m
2
-year). 

 
Figure 3-19: Annual yield for SolarTech PVT panel (flow rate 75 l/h; inlet fluid temperature 10 °C; circulating fluid 

– 25 % Glycol solution 

A similar graph is drawn for the Dimark panel under the same inlet temperature and flow 

conditions. The resulting graph is shown in Figure 3-20. It has almost 90 % higher yield (453 

kWh/m
2
-year) compared to the SolarTech reference panel, which is expected as it is a much 

better panel in terms of thermal output. 

 
Figure 3-20: Annual yield for Dimark PVT panel (flow rate 75 l/h; inlet fluid temperature 10 °C; circulating fluid – 

25 % Glycol solution 

3.5 Conclusion 

A new numerical model was proposed for the SolarTech and Dimark PVT panels. This model 

is applicable to any PVT panel with similar absorber design. The model was validated with the 

lab measurements. In future, it will be further validated with the outdoor measurements. 

Based on the model analysis the design improvements were suggested for the two panels. In 

SolarTech panel improving the thermal contact between the PV glass and the absorber, and 

the thermal contact between the absorber and the tubes can enhance the thermal 

performance by more than 90 %. In SolarTech panel improving the thermal contact between 

the PV glass and the absorber will improve the thermal performance by not more than 25 %. 
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Finally, annual yield of different PVT concepts was estimated for identical operating 

conditions. The most efficient SolarTech panel (panel with silicon paste) produces almost 13 

% higher thermal output while much more efficient Dimark panel produces almost 90 % higher 

thermal output, when compared with the SolarTech reference panel. 
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4 PVT Applications 
 

Unlike PV systems, PVT systems cannot be standardized as one-system-fit-all technology. 

PVT systems have the same issues as of a solar thermal system. The design of a PVT 

heating system is primarily dependent on the heat use. While electricity produced and 

electricity required are always the same quality of energy, heat produced and heat required 

are of different quality due to the different temperatures at which the heat is being produced 

than the temperatures at which the heat is required.  Moreover, due to the intermittent and 

periodic nature of solar energy, there is a mismatch between the quantity of heat produced 

and the quantity of the heat required. Presently, PVT systems cannot take advantage of 

thermal grids in which heat can be transported bi-directionally to handle the supply and 

demand mismatch. To avoid the mismatch between the quality and the quantity of electricity, 

PVT systems need to be designed keeping in mind the heat use pattern, the desired heat use 

temperatures, physical limits of available solar resource, and feasible storage size, etc. 

While the heat use pattern is a user specific characteristics, desired temperatures are 

specified by the heat use applications. Therefore, PVT systems need to be tailored to different 

users as well as for specific heating applications. Based on users and heating applications 

different market segments can be defined. In this chapter various users and applications were 

investigated to distinguish between the market segments. A few potential market segments 

were identified based on their size. In the next step, various market available solar thermal 

energy system concepts were investigated and qualitatively evaluated. Based on the technical 

assessment and feedback from the PVT manufacturers and the industry experts involved in 

the project, a few system concepts were selected for further investigation. The combination of 

selected users, applications and the system configuration led to simulation scenarios that will 

be described later in this chapter. System simulations will be used to design an optimized PVT 

based heating system for each scenario. System simulations will be described in details in the 

next chapter. 

4.1 Market segments 

The heat use pattern strongly depends on the user of the heat. Different users can be 

identified as residential, offices, industry, warehouses, green houses, swimming pools, 

agricultural drying, commercial buildings, hospitals, schools, elderly homes, sports facilities, 

etc. These users require heat for one or more of the following applications such as space 

heating, domestic hot water, distillation, drying, washing, etc. These applications and the type 

of heat delivery systems, for instance radiators, under floor heating, etc. define the desired 

heat delivery temperatures.  

Occupied zones are designed to be kept at a comfort temperature of 18 - 21 °C [14]. 

However, the space heat delivery temperature requirements vary widely. While old systems 

running on standard boilers use high temperature radiators operating up to 70 - 90 °C water 

temperatures [15], in well insulated modern houses the required heat can be delivered at a 

much lower temperature of 45 - 55 °C by means of low temperature radiators and an even 

lower temperature of 40 °C for passive houses equipped with underfloor heating [16]. Sârbu 

[16] lists a number of possible low temperature systems with different water supply and return 

temperature combinations for different house designs and heat delivery schemes. 

Space heating for storage such as warehouses has specific temperature requirements. An 

example is the storage of pharmaceutical drugs which may be required to be stored at a 

slightly colder temperatures such as 8 – 15 °C [17]. 

Greenhouses have different temperature requirements than the ones discussed for occupied 

zones and storages. They have specific requirements for summer and winter crops as well as 
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different day time and night time requirements. In general the day time greenhouse 

temperature ranges between 13 – 24 °C (converted from Fahrenheit) while the night time 

temperature is maintained between 7 – 12 °C (converted from Fahrenheit) [18]. 

Cooling can also be provided using heat source (for instance solar energy, waste heat, etc.) 

by using absorption chiller. Single effect absorption chillers use heat in temperature range of 

70 - 100 °C. However, chillers can also be operated at temperatures as low as 55 °C, at 

inferior performance levels [19]. 

Domestic hot water is normally used at 45 °C set point temperature. However to prevent the 

growth of the pathogen Legionella the storage has to be heated to 60 °C [15]. Other heating 

applications for domestic hot water are washing (40 – 80 °C) and cooking (95 – 105 °C) [20]. 

Dishwashing uses water at temperatures around 70 °C [21]. According to the Fédération 

Internationale de Natation (FINA, International Swimming Federation) handbook swimming 

pools need to be maintained at around 25 - 28 °C [22]. 

Most industrial processes need temperatures higher than 250 °C [20]. Many industries involve 

distillation processes which require temperature in excess of 80 °C. E.g. ethanol production 

for instance requires a distillation temperature around 93 °C [23]. Water desalination is carried 

out at temperatures 90 - 110 °C [24]. Depending upon the type of sterilization, a temperature 

of 120 – 180 °C is required [25]. Industrial cooling applications use double effect absorption 

chillers operating at temperatures higher than 100 °C [20].  

Heat is used in different types of drying processes in buildings, industry and agricultural 

sector. Clothes drying in households can be done at 52 - 57 °C (converted from Fahrenheit) 

[26]. Industrial cloth drying uses temperatures 30 - 90 °C [20].  

In agricultural sector, crop drying is done at temperatures 45 - 75 °C to prevent the loss of 

quality and nutrition [27]. Seeds are dried at temperatures 35 – 45 °C (converted from 

Fahrenheit) [28]. Poultry manure is dried at 60 °C [29]. However, a temperature of 70 °C is 

required to sterilize the poultry manure [30]. There are two completely different methods of 

drying pig manure at 55 °C and at 100 °C [31]. 

All the above information about users, applications and temperatures can be combined into a 

user-application matrix. In Figure 4-1 various heat applications across different users are 

categorized into three temperature categories. 

 

Figure 4-1: User-application matrix for heat use categorized based upon temperatures 
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All the PVT collectors involved in WenSDak project are either unglazed PVT or air PVT, 

incapable of producing water temperatures in excess of 80 °C. Therefore all the applications 

marked red in Figure 4-1 are excluded from further analysis. Furthermore, applications in 

industry are very case-specific and will not be investigated further as the objective of this 

chapter is to identify standardized PVT based system which can be applied to more than one 

case. This leaves space heating, domestic hot water, drying, washing and swimming pool 

heating to be investigated further. International Energy Agency (IEA) published breakup of 

energy consumption for different building services in U.S. [32]. In residential buildings the 

biggest energy consumers are space heating (28 %), followed by cooling (15 %) and domestic 

hot water (13 %). While in commercial buildings, the biggest energy consumers are lighting 

(20 %), followed by space heating (16 %) and space cooling (14 %). Washing and drying in 

building sector are relatively low energy consumers. However, drying in agriculture sector is a 

potential market. Furthermore, one of the project partners showed interest in manure drying 

application using their air PVT collectors. 

Investigation of all the possible applications across various users is tedious work. To limit the 

scope of analysis for this project and focusing on the services across different sectors, which 

demand more heat, following users and applications present promising market segments. 

 Residential buildings: space heating and domestic hot water 

 Offices: Space heating 

 Swimming pool: Pool heating 

 Agriculture: Manure drying 

In the following paragraphs above market segment and corresponding sub-segments will be 

briefly described. 

4.1.1 Residential buildings: 
Figure 4-2 shows the distribution of typologies in Dutch housing stock. 68 % of the housing 

stock comprises of detached, semidetached and row houses. Among other typologies, flats 

make up 19 % of the housing stock. 

 
Figure 4-2: Dutch housing stock [33] 

Furthermore, Figure 4-3 shows the frequency of buildings in each typology. Simply based on 

the frequency and to select the typologies which can be clearly distinguished from each other, 

following building typologies have been selected as interesting markets: 

 Detached house: built before 1964 



 

 

4-42 Modelling and system analysis of new photovoltaic thermal solar collectors  
 
 

 Terraced house, mid row: built between 1975 – 1991 

 Flat with common staircase, no galleries: built between 1946 – 1964 

A brief energy demand analysis of an example house from all the typologies has been given 

in the 2011 report from Netherlands Enterprise Agency [34]. 

 
Figure 4-3: Frequency of building types of the Dutch building stock (reproduced from Episcope [33]) 

4.1.2 Office buildings: 
Three different reference EU office buildings have been defined under the iNSPiRe project 

under the European community’s seventh framework program [35]. These reference offices 

are similar to the office typologies found in The Netherlands and hence can be used as 

simulation cases. Following are the reference offices: 

 Low rise masonry office building: These buildings were built before 1970s and 

most typically during the 1950s and 1960’s. The structure consists of brick walls. 

There is usually a lack of insulation in the facades and roofs which contributes to a 

high heating demand. Heating is produced by fuel oil or gas boiler and distributed by 

radiators. Windows are double glazed and have internal shading. The roof consists of 

a flat concrete slab on wooden beams, with a bituminised surface.  

 Concrete panel office building: These buildings were built between 1945 and 1970, 

although they became most typical during the 1960s. There is little or no insulation in 

the buildings in this category. Number of floors in this category is between 2 and 7 

floors. Precast concrete cladding panels on a concrete frame form the outer envelope 

of the building. Windows are double glazed and have internal shading. 

 Metal and glass façade office building: In this typology concrete structures 

dominate the stock and curtain walling is the most common type of façade. Majority of 

curtain walls incorporate glazing. These buildings were built between 1960 and 1980. 

Window frames with Aluminum panels form the outer envelope of the building, fitted 

between the concrete pillars and beams. Each façade has three elements to the 

thermal envelope: concrete, Aluminum, and glass. Windows are double glazed and 

have internal shading 

Figure 4-4 shows a graphic representation of each of these offices. 
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Figure 4-4: Reference EU offices [35] 

More details about the references offices can be found in the iNSPiRe project report [35]. 

4.1.3 Swimming pools 
Fédération Internationale de Natation (FINA, International Swimming Federation) handbook 

defines following two sizes of swimming pools [22]: 

• Short course (25m x 18.3m x at least 2m) : More common at public swimming 

locations 

• Long course (50m x 20m x at least 2m) : Found at college campuses and high end 

swimming facilities 

According to the report published by Energy Research Centre of Netherlands (ECN) in 2009, 

on renewable heating and cooling in Netherlands, there were 490 indoor swimming pools in 

Netherlands and 36 % of them were managed by municipalities. 

4.1.4 Agricultural manure drying 
KWIN (Dutch quantitative information livestock) defines two standard farms, one specialized 

in breeding pigs and the other in finishing pigs [36]. Table 4-1 shows the characteristics of the 

two pig farms. 

 
Table 4-1: Pig farms in Netherlands [36] 

 

Description Production 

(m
3
/animal/year) 

Density 

(kg/m
3
) 

Finishing pigs 1.1 1040 

Sow (Breeding pigs) 5.1 1040 

Table 4 2: Manure quantity [37] 
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BRANDSMA, J., ET AL. (2014) provides data on composition of pig manure as shown in the 

Error! Reference source not found. [37]. Based on this data following amount of yearly pig 

anure production in a typical pig farm can be expected: 

• Finishing farm: 2,800 m
3
 pig slurry per year 

• Breeding farm: 4,500 m
3
 pig slurry per year 

Aforementioned use case scenarios require further investigation to identify specific system 

requirements and develop optimum system configurations and optimum system sizes. 

However, within the scope of this report only residential hot water use and space heating will 

be considered further. 

4.2 PVT based heating system configurations 

This section discusses different typologies of PVT based systems encountered in residential 

buildings and houses. These systems supply either domestic hot water needs only or 

domestic hot water needs combined with space heating. There are several solar heating 

configurations offered by different companies in the European market. The majority of the 

systems consist of a solar thermal collector (glazed or unglazed) combined with water storage 

and backed up by electric or gas heaters. Other systems include heat pumps (air source or 

water source) coupled with ambient, ground or aquifers, acting as primary source or backup 

heating. A report from the Ministry of Economic Affairs in Netherlands outlines different solar 

boilers that are coupled with a backup heater [38]. Henning described many systems 

combining solar thermal collectors with heat pumps [39]. Furthermore, a review paper on the 

European market for solar thermal heat pump systems by Ruschenburg, surveyed 88 

companies offering 135 combined solar heat pump system [40]. A number of different solar 

heat pump systems for Germany have been presented and evaluated by Werner [41]. Since 

in each of these systems the solar thermal collector can be substituted by a PVT collector, a 

number of common PVT based heating system configurations have been defined based on 

the information provided in [38], [39], [40] and [41], and are  presented in Table 4-2: 

☐ 1. 

 
 

This system is intended only for 
domestic hot water (DHW) supply. 
The PVT is coupled to a storage 
tank which is connected to an 
auxiliary boiler. The water is pre-
heated by PVT and then goes 
through the gas boiler. Since the 
boiler heats the water as it passes 
through it, it might result is 
temperature drop of the supplied 
water during simultaneous draw 
at different taps. 

☐ 2. 

 
 

 

This system is intended only for 
domestic hot water (DHW) supply. 
The PVT is coupled to a storage 
tank which is coupled to an 
auxiliary boiler. The water is 
heated by PVT and the gas boiler 
when needed. Since the water is 
drawn from the tank, there are 
usually no fluctuations during 
simultaneous draw as tank has 
sufficient heated water. 
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☐ 3. 

 

This system is also intended for 
domestic hot water (DHW) supply. 
In this system PVT is connected 
to a compact storage tank with 
heating element inside it. 

☐ 4. 

 

 

In this domestic hot water system 
the PVT is directly connected to 
the boiler. The water preheats 
through the solar collector before 
entering the boiler. In this system 
there is no extra storage and 
therefore less space is required 
inside the house. On the other 
hand, the heat from the solar 
collector can be utilized only 
during the sunshine hours as 
there is no storage. 

☐ 5. 

 

This system is intended for 
supplying space heating and 
domestic hot water. The PVT is 
coupled to a storage tank which is 
coupled to an auxiliary boiler. The 
tank supplies both the space 
heating as well as the domestic 
hot water. However, this requires 
a much bigger storage tank than 
300 liters to meet the system 
requirements 

☐ 6. 

 

 

This system is intended for 
supplying space heating as well 
as domestic hot water. This is a 
popular system configuration in 
Netherlands. The PVT is coupled 
to a storage tank which is 
connected to an auxiliary combi-
boiler. The preheated water from 
the storage tank enters the combi-
boiler which supplies both space 
heating as well as domestic hot 
water. 

☐ 7. 

 

In this system the PVT is coupled 
with a combi-boiler with storage. 
The boiler is a compact system 
with storage and heating element 
inside one vessel. 
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☐ 8. 

 

In this system PVT acts as the 
primary system for supplying the 
domestic hot water, boosted by 
ground source heat pump. While, 
the heat pump is solely 
responsible for supplying space 
heating. 

☐ 9. 

 

This system is intended for 
supplying space heating and 
domestic hot water. The PVT is 
coupled to a storage tank which is 
coupled to a heat pump. The tank 
supplies both the space heating 
as well as the domestic hot water. 

☐ 10. 

 

This system is similar to system 9, 
except the PVT is directly coupled 
with boreholes. In Summer when 
access heat is available the PVT 
can be used to recharge the 
ground. The PVT is responsible 
for supplying domestic hot water, 
boosted by heat pump. Heat 
pump is solely responsible for 
supplying space heating. 

☐ 11. 

 

In this system the PVT is coupled 
with the boreholes. It is used to 
preheat the water entering the 
borehole which leads to higher 
evaporation temperature at the 
heat pump. This leads to 
improvement in the COP 
(Coefficient of performance) of the 
heat pump. The system supplies 
space heating as well as DHW. 

☐ 12. 

 

This configuration is similar to the 
configuration 10. However, PVT is 
used as the heat source for heat 
pump. The heat pump is used for 
charging the storage as well as 
supplying the space heating when 
the storage is insufficient. The 
PVT can either recharge the 
storage or supply the heat pump 
but not both. The heating element 
within the storage ensures that 
the storage is warm enough for 
supplying domestic hot water 
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☐ 13. 

 

This configuration is similar to 
configuration 12 except it consists 
of an inline heater for domestic 
hot water. This avoids maintaining 
high temperatures in a large tank 
and therefore less thermal losses. 
Due to direct coupling of the PVT 
and the heat pump the heat pump 
performance will be marginally 
reduced during the periods with 
extreme cold temperatures and 
no sunshine. 

☐ 14. 

 This configuration employs the 
same principles as 12 and 13. 
However, the PVT and the heat 
pump are coupled via big buffer 
storage which is maintained at a 
lower temperature. This buffer 
ensures that the heat source to 
heat pump is at higher 
temperatures during the no 
sunshine hours and the heat 
pump performs better. On the 
other hand it requires big buffer 
storage. 

Table 4-2: Solar heating system configurations 

Table 4-2 was sent to the project partners in the form of a questionnaire to seek their opinion 
about the most interesting system configurations for the WenSDak project. Many project 
partners showed interest in systems involving coupling of PVT and the heat pumps for further 
investigation. 

4.3 Conclusion 

In this chapter various users and applications for solar heat were investigated and a user-

application matrix was created to identify potential market segments. Further investigation 

was carried out considering the size of the market, the type of PVT involved in WenSDak 

project, the temperature requirements and the opinion of the project partners about their 

products and potential market. Based on these factors, residential buildings, office buildings, 

swimming pools and pig manure drying were identified as the interesting markets for the 

products involved in WenSDak project. Residential sector was investigated further and row 

houses were identified as the biggest market segment for the PVT collectors on the basis of 

the frequency of these houses. Thereafter, various market available PVT system 

configurations were investigated and a questionnaire was sent to the project partners to seek 

their opinion about these systems. It was established that combined PVT and heat pump 

systems are of keen interest for the most project partners. 
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5 PVT System Design 

As in any solar thermal system, the thermal output of the PVT system depends highly on the 

PVT system configuration, the type of delivery system, the heat demand pattern, etc. 

Therefore, to design an optimized PVT system the aforementioned factors need to be fixed 

first. For this work, a reference single family Novem house was chosen. The hourly space 

heating demand profile for this house was provided by ECN [42]. The domestic hot water 

demand is derived from the Dutch standard NEN 7120 [43](Table A.2, page 343). The type of 

heat delivery system is assumed to be low temperature radiators for this house. 

5.1 System Configuration 

A number of factors were considered for choosing the system configuration. Such factors are 

the prevalence of certain system configurations, the local factors affecting the choice of the 

system, the PVT panels under the WenSDak project and the opinions of the project partners. 

All the PVT panels under WenSDak project are unglazed panels, therefore the output 

temperatures are expected to be relatively low. These panels are suitable for combining with 

heat pumps. All the project partners are interested in PVT heat pump system. Moreover, the 

project partners want to avoid having big buffer tanks in the system. This can be attributed to 

the fact that typical Dutch houses don’t have enough space to accommodate large tanks. 

Therefore, large storage is a barrier to selling solar thermal systems. This problem can be 

solved to a large extent by using compact storage based on phase change materials. 

However, such storage is relatively expensive and not yet popular. Within this project only the 

solar heat pump systems will be further investigated. 

There are mainly three ways of combining the collectors with the heat pumps [40](page 5): 

 Parallel concept – Collector and heat pump supply heat independently and usually 

coupled via one or more storage. E.g. configuration 8, 9 and 14 in Table 4-2. 

 Serial concept – Collector acts as an exclusive or additional heat source for the heat 

pump either directly or via a buffer storage. E.g. configuration 12 and 13 in Table 4-2. 

 Regenerative concept – Collector is used to charge the source of heat pump usually 

in summer periods when access heat is available. E.g. configuration 10 and 11 in 

Table 4-2. 

Ruschenburg concluded from his survey on market available solar heat pump systems in 

Europe, that parallel concepts which are simpler to design and control, dominate the market at 

61 % share; while only 6 % of the market available systems are ’series only’. ‘Regenerative 

only’ systems are very rare (only 1 %). Remaining systems are combinations of parallel, 

series or regenerative concept. [40](page 9) 

He further analysed the heat source for the heat pumps and concluded that 23 % of the heat 

pumps are pure heat source, 27 % heat pumps are pure ground source, 7 % systems use 

solar energy as sole source for the heat pump while 23 % systems use solar energy in 

addition to conventional source (E.g. ground, water, etc.) as the source for the heat pump. 

[40](page 10) 

Furthermore, most solar heat pump systems use glazed flat plate collectors (FPCs) or 

evacuated tube collectors (ETCs). Unglazed collectors are found only in 7 % of the systems 

while PVT collectors (glazed and unglazed) are found in 4 % of the systems. [40](page 11) 

Unglazed PVT collectors generate low temperatures and hence are insufficient for space 

heating and domestic hot water preparation on their own. Therefore, if employed with heat 

pumps they work efficiently with series or regenerative concepts while FPCs and ETCs are 

more suitable for parallel concepts. [40](pages 11-12) 
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When unglazed PVT collectors are used as the heat source for heat pump the performance of 

the heat pump improves due to higher source temperature when compared with the air source 

or ground source heat pump. At the same time the return from the heat pump is at low 

temperature which improves the thermal performance of the PVT. In some systems the PVT 

collector can also be used directly as an evaporator for the heat pump. At the same time 

cooler temperatures improve the electrical performance of the PVT. Moreover, on relatively 

warmer days unglazed collectors can also extract heat from ambient air in absence of 

sunshine which is not the case with glazed collectors.  

A number of articles comparing the performance of different solar heat pump system 

configurations were studied to identify interesting system configurations for unglazed PVTs. 

Lerch et al. investigated the system performance of 6 different system configurations using 

TRNSYS®, covering glazed and unglazed collector, series and parallel concepts, single 

source and duel source heat pumps and water buffer storage, ice buffer storage and no buffer 

storage [41], [44]. He estimated the seasonal performance factor (SPF) for each system using 

dynamic simulations for the a single family house in Germany for three different houses 

having an annual energy consumption 25 kWh/m
2
, 45 kWh/m

2
 and 100 kWh/m

2
, and 

presented the results for the house with 45 kWh/m
2
 heat demand. SPF is defined as the 

overall useful energy output to the overall driving final energy input for an adapted system 

boundary [45]. Looking at the results, the parallel concept has the best performance followed 

by the series concept with dual source heat pump. The series concept with ice storage as the 

heat source for the heat pump has slightly lower performance than these configurations. The 

series concept with direct coupling to the heat pump has the worst performance. The best 

performing system configuration has an SPF of 3.65 while the worst performing system has 

an SPF of 3.53. The solar fraction was between 31 % and 26.2 % for the two cases 

respectively. Solar fraction is defined as the fraction of annual heating demand met by the 

solar thermal output. 

The worst performing configuration is a system where unglazed collector is directly coupled to 

the evaporator of the heat pump in series. Both the collector and the heat pump are also 

coupled in parallel via a small storage. This system is simpler and compact as it avoids the big 

buffer tank in between the collector and the heat pump, at the cost of slightly inferior 

performance. It will also be cheaper since the unglazed PVTs are cheaper and less complex 

to make and the big buffer storage is eliminated.  

Inspired by the results published by Lerch et al. a similar system configuration with direct 

coupling of the PVT collector and the heat pump was proposed to be investigated under 

WenSDak. Figure 5-1 shows the proposed system configuration. It consists of an array of 

PVT collectors, a solar source only heat pump, and a combi-storage tank. 

This system uses the PVT as the heat source for the heat pump. PVT has glycol solution in 

the solar loop which transfers heat to the storage directly via a heat exchanger, during the 

hours of high irradiation. The storage is stratified by using multiple entry ports for hot water. 

During low sunshine periods the output of the PVT is not hot enough and it is more suitable to 

employ the heat pump to charge the storage, using the PVT as the heat source. Again, the 

stratification of the storage is maintained by using multiple entry ports. The heat pump is also 

responsible for supplying the space heating when storage is not hot enough. The PVT can 

either be used to charge the storage or as a source for the heat pump, but not for both at the 

same time. The storage tank also meets the domestic hot water demand partially. The water 

in the tank is often not hot enough for hot water preparation. Therefore, a supplementary 

electric heating element ensures that the hot water is supplied at the design temperature.  
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Figure 5-1: PVT heat pump system configuration 

5.2 System Model 

The proposed system is simulated on TRNSYS® simulation tool. The following section 

describes the main TRNSYS® components and the control strategy: 

5.2.1 PVT collector 
Type 203 PVT collector has been used in this simulation [46]. This model uses the quasi-

dynamic characteristics equation defined in the norm NEN-ISO 9806 [5](page 62) to simulate 

the performance of a thermal collector as given by Eq. 5-1 below. The coefficients in the 

equation are estimated from the outdoor performance measurement of the collector. 

�̇�𝑡ℎ = 𝜂0,𝑏 ∙ 𝐾𝐿(𝜃𝐿 , 𝜃𝑇) ∙ 𝐺𝑏 + 𝜂0,𝑏 ∙ 𝐾𝑑 ∙ 𝐺𝑑 − 𝑐6 ∙ 𝑢 ∙ 𝐺 − 𝑐1 ∙ (𝑇𝑚 − 𝑇𝑎) − 𝑐2 ∙ (𝑇𝑚 − 𝑇𝑎)2 

            −𝑐3 ∙ 𝑢 ∙ (𝑇𝑚 − 𝑇𝑎) + 𝑐4 ∙ (𝐸𝐿 − 𝜎 ∙ (𝑇𝑎 + 273.15)4) − 𝑐5 ∙
𝑑𝑇𝑚

𝑑𝑡
 Eq. 5-1 

Where, �̇�𝑡ℎ is the thermal output in W/m
2
, 𝜂0,𝑏 is the peak collector efficiency (𝜂𝑏 at 𝑇𝑟𝑒𝑑) based 

on beam irradiance 𝐺𝑏, 𝑇𝑟𝑒𝑑  is the reduced temperature defined by (𝑇𝑚 − 𝑇𝑎)/𝐺, 𝑇𝑚 is the 

mean fluid temperature in, 𝑇𝑎 is the ambient fluid temperature, 𝐾𝑏(𝜃𝐿 , 𝜃𝑇) is the incidence 

angle modifier (IAM) for beam radiation, 𝜃𝐿 is the reference angle in longitudinal direction for 

determination of IAM, 𝜃𝑇 is the reference angle in transverse direction for determination of 

IAM, 𝐺𝑏 is the beam irradiance normal to the panel surface, 𝐾𝑑 is the incidence angle modifier 

(IAM) for diffused radiation, 𝐺𝑑 is the diffused irradiation normal to the panel surface, 𝑐6 is the 

wind dependence of the zero loss efficiency, 𝑢 is the wind speed, 𝐺 is the global irradiance 

normal to the panel surface, 𝑐1 is the heat loss coefficient at (Tm − Ta) = 0, 𝑐2 is the 

temperature dependence of the heat loss coefficient, 𝑐3 is the wind speed dependence of the 

heat loss coefficient, 𝑐4 is the sky temperature dependence of the heat loss coefficient, 𝐸𝐿 is 

the long wave irradiance (λ > 3 μm), 𝜎 is the Stefan-Boltzmann constant, 𝑇𝑎 is the ambient 

temperature, and 𝑐5 is the effective thermal capacity of the panel. 

5.2.2 Heat Pump 
Type 927 water-to-water heat pump is used in the simulation [47](page 14). This heat pump 

takes heat from a fluid at the source side and delivers to the heat to another fluid at the load 

side. This heat pump model uses the performance map of the heat pump to simulate the 

behaviour of the heat pump. The performance map of a heat pump is a table listing the 

thermal output and the power consumption of the heat pump for varying inlet fluid temperature 
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at the source side, the inlet fluid temperature at the load side, the flow rate on the source side 

and the flow rate on the load side, as illustrated in Table 5-1 below. The performance map of 

the heat pump is provided by the heat pump manufacturer. The performance of the heat pump 

at certain operating conditions is calculated by interpolating the data from the performance 

map. 

Heat pump performance 

map 

Load side flow rate 1 Load side flow rate 2 

Load side inlet 

temperature 1 

Load side inlet 

temperature 2 

Load side inlet 

temperature 1 

Load side inlet 

temperature 2 

�̇�𝑜𝑢𝑡 𝑃𝑒𝑙 �̇�𝑜𝑢𝑡 𝑃𝑒𝑙 �̇�𝑜𝑢𝑡 𝑃𝑒𝑙 �̇�𝑜𝑢𝑡 𝑃𝑒𝑙 

Source side 

flow rate 1 

Source side 

inlet 

temperature 1 

        

Source side 

inlet 

temperature 2 

        

Source side 

flow rate 1 

Source side 

inlet 

temperature 1 

        

Source side 

inlet 

temperature 2 

        

Table 5-1: Heat pump performance map (data provided by manufacturer) 

5.2.3 Water Storage Tank 
Type 340 multiport store model is used in this simulation. It models a stratified fluid storage 

tank with at most four heat exchangers, an internal electrical auxiliary heater and a maximum 

of ten times twice connections for direct charge and discharge. This model is quite universal 

and covers all kinds of water storage encountered in solar thermal systems. [48] 

In this simulation the storage is connected to the solar loop and the heat pump loop for 

charging; and to the space heating loop and DHW loop for discharging. Figure 5-2 below 

shows the inlet and outlet ports to the storage. There are 7 double ports (inlet/outlet) in total. 

As shown in the figure solar loop charges the lower part of the storage while the heat pump 

charges the upper part of the storage. The system tries to maintain the top of the storage at 

45 °C. The DHW is supplied from the top of the storage and boosted further with an electric 

heating element to 60 °C. The space heating is supplied at 45 °C and the return temperature 

is kept at 30 °C. If the top of storage is not hot enough to supply space heating, the heating is 

supplied directly by the heat pump. There are three hysteresis controllers that ensure that the 

water enters the storage at an appropriate level to maintain stratification. 
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Figure 5-2: Schematic of storage loop 

5.2.4 Space Heating Demand Profile 
The heat demand for a reference single family house is provided by ECN [42]. This house has 

a peak heat demand of 2.5 kW and an annual heat demand of is 10.76 GJ;  and annual 

specific heat demand is about 27 kWh per square meter of occupied area. Figure 5-3 shows 

the hourly heat demand pattern of the house for a meteorological year. 

 

 
Figure 5-3: Annual pace heating demand profile (kW) [42] 

5.2.5 Domestic Hot Water Draw Pattern 
The domestic hot water demand is derived from the Dutch standard NEN 7120 class 2 draw 

pattern; meaning two showers in the day - one in the morning and another one in the evening 

[43](Table A.2, pages 343-346). Figure 5-4 shows the hot water draw pattern at 60 °C in liters 
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per minute basis, for a single day. The flow rate is averaged over the whole minutes. Some 

activities such as rinsing and dish washing require water at 55 °C while other activities such 

as taking shower demand water at 40 °C at the shower head. Water from the storage is 

heated to 60 °C and then mixed with cold water to ensure the supply at the desired 

temperature. Total hot water demand during the day is 117.2 liters at 60 °C. The maximum 

hot water demand is 2.7 liter/min during the shower. 

 

 
Figure 5-4: Daily water draw pattern (liter)[43] (Table A.2, pages 343-346) 

Based on the draw pattern from Figure 5-4 the heat demand for hot water was calculated, as 

shown in Figure 5-5. The maximum heat demand is 9.4 kW during the shower. Although the 

demand is quite high, it lasts only a few minutes. The daily heat demand for domestic hot 

water is 6.8 kWh. In the simulation the domestic hot water draw pattern is assumed to be the 

same for each day of the year. Therefore, the annual heat demand for domestic hot water is 

8.95 GJ. 

 
Figure 5-5: Daily domestic hot water demand 

5.2.6 Meteorological data 
The weather data used in this simulation is taken from the Meteonorm (TMY2) database for 

De Bilt weather station in located in the central Netherlands [49]. It consists of the hourly 
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meteorological data for a typical 1 year period for De-Bilt. The input data needed for this 

simulation consists of the following: 

- Dry bulb temperature 

- Effective sky temperature 

- Mains water temperature 

- Wind velocity 

- Solar zenith and azimuth angles 

- Global irradiation on the tilted surface 

- Beam radiation on the tilted surface 

- Angle of incidence for surface. 

5.2.7 Control Strategy 
The schematic of the collector loop is shown in Figure 5-6. There are a number of controls 

employed for the operation of the PVT collector, depicted by hysteresis controllers in this 

figure. Following criterion must be followed to run the PVT loop: 

a. Store protection T1: The collector loop must be turned off when the temperature at 

the top of the storage becomes too high. 

b. Store protection T5: The collector loop must be turned off when the temperature at 

the bottom of the storage becomes too high. 

c. Stagnation collector: The collector loop must be turned off if the temperature at the 

collector outlet becomes too high. 

d. Stagnation flow: The collector loop must be turned off when the temperature in the 

primary loop becomes too high.  

e. Delta T control pump 1: The collector loop must be turned off when there is no 

temperature gain in the primary loop. 

f. Delta T control pump 2: The collecotr loop must be turned off when there is no 

temperature gain in the secondary loop. 

g. Heat pump switch: The collector must switch to the heat pump when the temperature 

in the primary loop is low. 

Under all other conditions the collector loop must be turned on and supply to the heat storage. 

During the periods of low irradiation when the temperature of the collector is not suitable to 

charge the storage, the heat pump must turn on to charge the storage and the collector must 

switch to the heat pump. 

Double ports 1 and 2 are dedicated to solar charging. Double ports 3 and 4 are connected to 

heat pump charging. Double port 5 is connected to the space heating loop, while double ports 

6 and 7 are connected to the domestic hot water discharge. 

For charging of the storage we look at the Figure 5-2 again. The hot water from the solar loop 

enters the storage at port 1 if its temperature is higher than the water temperature at port 1. 

Otherwise, this hot water is diverted to port 2. Similarly, the hot water supplied by the heat 

pump enters the storage at port 3 if its temperature is higher than the temperature of water at 

port 3. Otherwise, it is diverted to port 4. In the similar manner the domestic hot water return 

enters the storage at port 6 if its temperature is higher than the temperature of water at port 6. 

Otherwise, it is diverted to port 7. 
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Figure 5-6: Schematic of collector loop 

5.3 Conclusion and Recommendation 

TRNSYS system model of a solar heat pump system for a single family house is created. This 

system consists of a serial coupling of an unglazed PVT collector and a water-to-water heat 

pump, each supplying heat to the storage separately. Heat pump is also responsible for 

supplying the space heating directly when storage is insufficient. This system model is 

currently under development. The next step in this task is to optimize the design parameters 

such as all the differential controllers, the PID controllers, the stratification schemes, etc. Once 

the system has been fine-tuned, different annual simulations will be carried out while varying 

the component sizes. For each simulation, seasonal performance factor (SPF) and solar 

fraction (SF) will be recorded. Final selection of an optimized system will be made based upon 

these two factors. 

Next logical step will be to carry out a techno-economic analysis of this system to make a 

business case for this system. For this analysis ‘total cost of ownership (TCO)’ will be used 

[12]. TCO is defined as the total amount of money a family will pay over a certain period 

(usually 20 years) for running the solar heat pump system, calculated in €. TCO is calculated 

according to the net present value method [50](page 212). TCO can be expressed as the sum 

of initial investment, final energy cost related to the consumption of external energy, 

maintenance cost and replacement cost (insurance cost and taxes, if applicable). 

Neglecting the insurance amount and the tax paid on the system, TCO can be calculated as: 

𝑇𝐶𝑂 = 𝐼0 + 𝐶𝑓𝑒,𝑁 + 𝐶𝑚,𝑁 + 𝐶𝑟,𝑁 Eq. 5-2 

Where, 𝐼0 is initial investment, and 𝐶𝑓𝑒,𝑁 , 𝐶𝑚,𝑁 , 𝐶𝑟,𝑁 are the final energy cost, maintenance 

cost and replacement cost over N years, calculated according to the net present value 

method. 
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Total energy price, 𝑒 (€/kWh) can be calculated as TCO divided by total energy demand, 𝑄𝑡𝑜𝑡 . 

 

𝑒 =
𝑇𝐶𝑂

𝑄𝑡𝑜𝑡

 Eq. 5-3 

Where, 𝑄𝑡𝑜𝑡 is total energy demand over N years. 

Different systems can be compared based upon total energy price, to find out most 

economical system in long term. Total energy price will be used to compare the designed 

systems with a conventional heat suuply system such as a gas boiler or an air heat pump. For 

instance, If the total energy price is lower than the natural gas price it means that over long 

term it is cheaper to replace the gas boiler with the PVT heat pump, than to continue paying 

the gas bill.  
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6 Conclusion and Discussion 
The test setup built at the TU/e lab can measure the thermal and the electrical performance of 

PVT panel. It does so, by registering the inlet and the outlet temperature of the fluid through 

the panel, the ambient temperature, and the flow rate, at steady state. Knowing these 

parameters thermal output of the panel can be calculated. The thermal irradiation and the 

wind speed are kept constant during the measurements. The norm for testing of solar thermal 

panels, NEN-EN ISO 9806 [1], provides guidelines on indoor testing of solar thermal panels. 

Similarly, IEC 61215 [2] provides guidelines provides guidelines to test PV panels. There is no 

standard, solely dedicated to PVT. However, the testing of PVT is carried out in accordance 

with the solar thermal testing standard. Therefore, NEN-EN ISO 9806 has been used as the 

basis for building the test setup as well as testing the PVT performance. Guidelines for testing 

unglazed collectors are different from guidelines for testing of glazed collectors. Since all the 

panels involved in WenSDak project are unglazed PVT collectors, testing norms for unglazed 

collectors apply. For unglazed collectors, the testing norm recommends to carryout thermal 

performance testing at various irradiations and various wind speed. The thermal performance 

of unglazed collectors is significantly affected by wind, since there is no insulating air layer in 

between the thermal absorber and the ambient (as in case of glazed panels). 

Using the test setup in the lab, the solar spectrum can be mimicked and the intensity can be 

varied. However, currently the simulator is calibrated only for 1000 W/m
2
 irradiance in the 

wavelength 300 nm - 2800 nm. Moreover, there is no mechanism for generating and 

regulating wind speeds over the panel. There is a continuous strong draft over the panel due 

to the cooling fans of the simulator, and the wind speed fluctuates between 3.5 m/s - 5 m/s 

over the panel. Therefore, the wind characteristic is more or less constant for each 

measurement. Furthermore, the ambient temperature is always around 22 ° C.  Therefore, 

with this test setup the lab measurements are limited to a fixed irradiation, a fixed wind speed, 

and a fixed ambient temperature, while varying fluid inlet temperatures and fluid flow rates. 

This test setup can be improved by installing a mechanism for generating and regulating wind 

speeds. Having the capability to generate and regulate wind speeds will enable us to 

investigate the dependency of thermal performance on wind speeds, for unglazed collectors. 

Furthermore, the solar simulator can be calibrated for different irradiances. However, currently 

the new calibration settings cannot be saved, therefore, it needs to be factory calibrated.   

Moving on to the measurements itself, the accuracy and the repeatability of the measurement 

is critical for an accurate estimation of the performance. While other parameters are 

measured fairly accurately with the current setup, the temperature is the hardest quantity to 

measure accurately. Currently, this setup uses K-type and T-type thermocouples which have 

been calibrated prior to their use. Although the testing standard mandates the uncertainty in 

measurement of the temperature difference between the inlet and the outlet, to be limited to 

0.05 ° C, for certification purposes; this setup measures the same with an uncertainty of 0.25 

K. To get closer to this accuracy requirement for temperature measurement, PT-100 

resistance temperature detectors (RTD) can be used.  These RTDs are slowly replacing other 

thermocouples due to high accuracy and repeatability. 

Four PVT panels from 2 different manufacturers were tested in the lab. First three panels 

were identical with different conduction media in between the absorber and the liquid-carrying 

tubes. First panel has air, a bad heat conductor, in between the absorber and the tubes. 

Presence of this air gap affects the performance of the panel negatively. Panel-2 and panel-3 

use heat conducting epoxy or silicon paste, respectively, to fil in the air gap and remove any 

air present. In the fourth panel the tubes are integrated into the absorber itself, which results 

in a very insignificant resistance to heat conduction from absorber to liquid carrying channels.  

Due to this reason, panel 4 exhibits the best thermal performance with a zero loss efficiency 
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of 56 %, followed by panel-3 (zero loss efficiency 31 %), panel-2 (zero loss efficiency 28 %), 

and lastly, panel-1 (zero loss efficiency 23 %).  

The second objective of this project was to develop detailed numerical model for the tested 

PVT panels. A numerical model was developed using Matlab®, to model the behaviour of the 

PVT panel under different operating conditions. This model was validated with lab 

measurements. The developed model estimates the performance of the panel fairly 

accurately, within the uncertainty of measurements. However, since the numerical model 

calculates the average temperature of different components of the PVT, it is also capable to 

analyse different components of the PVT (for instance, PV, thermal absorber, etc.) separately. 

This gives more insight into the PVT panel and helps understanding where the biggest 

resistances to heat transfer are, so that design improvements can be proposed.  

To validate, whether the numerical model can make accurate prediction about the 

temperature of different components of the PVT, measurements were carried out by installing 

thermocouples in each layer of the panel at different locations. These measured temperatures 

were then compared with the model predicted temperatures. Although, the model predicted 

fairly accurate temperatures for many of these locations, it failed to do so for some 

thermocouples in the panel. This discrepancy can be explained by accounting for the following 

facts:  

1. The model assumes stretching out of the panel along the length of the tube, while in 

reality the tube is serpentine, meaning the cold and the hot ends of the tube are not 

as far apart as assumed by the model. This does not affect the modelling of the liquid-

carrying tube because in the liquid heat is carried only along the length of the tube in 

the flow direction. However, for a surface there is no such restriction and the heat can 

flow across adjacent panel segments in three dimensions. This phenomenon is 

ignored in the model. Therefore, usually there is a mismatch between the measured 

and calculated temperatures for the panel surface. 

2. Sometimes, the process of installing the thermocouples inside the panel leads to loss 

of thermal contact in the panel. For instance, in case of SolaTech panels, 

thermocouples were installed on the surface of the absorber, under the PV glass, 

which is in contact with the absorber. Although thin T-tyoe thermocouples were used 

and glued in these locations, it was observed that it resulted in creating an air gap 

between the absorber and the PV glass in some locations, mainly due to the 

thickness of the glue layer. This loss of thermal contact alters the thermal behaviour of 

the panel at those locations, than what would be expected in a standard panel. This 

will render the measurements unusable for validation of the model. 

To overcome this problem of loss of thermal contact during the installation of thermocouples, 

it is very important to choose the locations very carefully where the thermocouples will be 

installed. One must try to avoid running the thermocouple along the internal surfaces as much 

as possible, and must be very careful in applying the glue and make sure that the least 

amount of glue is used. 

The numerical model can also be used for optimizing the design of the PVT panel by tuning 

the design parameters, such as the thickness, the thermal conductivity, etc. This gives a tool 

to the PVT manufacturers to test their design on simulation before investing money on new 

designs and testing them in the field to validate them. For instance, in panel-1, eliminating all 

the contact resistances will lead to 94 % improvement in the zero loss efficiency. While in 

case of panel-4, since it already has lower contact resistances, the zero loss efficiency will be 

improved by 27 % by eliminating the contact resistances. In the numerical model, every single 

design parameter can be varied and the sensitivity of the performance to variation in different 

design parameters can be assessed. Based on this information design and business 

decisions can be made.  

Furthermore, since this model is a steady-state model, it doesn’t take into account the heat 

capacity of the panel, and therefore, the transient behaviour of the panel. Due to this, while 
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the actual panel (installed outdoors) will have low temperature output in the morning hours, as 

part of the heat absorbed will be used to heat up the panel and the mounting structure, the 

model will predict higher temperatures than measured due to absence of heat capacity in the 

model. On the other hand, in the evening when the sun goes down, the model will predict 

lower output temperatures, while the actual panel will continue to produce heat due to its 

thermal inertia. This, discrepancy in output due to the thermal inertia of the panel is cancelled 

over a day. Therefore, this steady state model can be used in dynamic simulations to estimate 

daily and annual thermal yield with reasonable accuracy. This has been shown by Vries 

[51](pages 73-74) for a steady-state numerical model for glazed PVT collectors by comparing 

the measured daily yield with the model predicted daily yield. Since in WenSDak project, the 

same panel are also being tested outdoors, this validation must be performed by using 

outdoor measurements, to assess the applicability of the proposed numerical model in 

dynamic system simulations. 

Zooming out from the panel to the system level, the performance of a PVT panel is highly 

dependent on the design of the overall system. A very efficient PVT panel coupled with a 

badly designed system will perform worse than a relatively less efficient PVT panel coupled 

with a properly designed system.  A system can be designed well only after understanding the 

user of the system, the application of the system (for instance, space heating, drying, etc.), 

the heating demand characteristic, system configuration, etc. Therefore, a lot of attention has 

been paid in defining these different cases. To begin with number of users and applications 

were investigated with respect to the required temperatures and the share of heating in total 

energy consumption. Based on types of PVT involved in WenSDak project, the focus was 

narrowed down to residential space heating and hot water services, office space heating, 

swimming pool heating, and agricultural manure drying. Subsequently, residential sector was 

analysed in more detail and it was realized that a big portion of the housing stock is single 

family row houses with standard occupancy pattern. For the row houses built in the same 

construction style, the heat demand can be expected to be similar. This presents a possibility 

to develop standardized system solutions that can be applied to more than one case, with 

small or no variations. Therefore, for this project a single family row house was selected for 

further analysis, as the intended user of space heating and domestic hot water services.  

After defining the use case, a number of PVT based system configurations were investigated 

to identify a suitable system for this specific use. Again, considering the types of PVT involved 

in the project, and taking into account the opinion of the project partners a PVT heat pump 

system was shortlisted for carrying out system simulations on TRNSYS®. The objective of this 

simulation is to design an optimized system for a single family row house.  

The defined system consists of a serial PVT heat pump system where the PVT and the heat 

pump are connected in series. PVT acts as a heat source for the heat pump. However, both 

PVT and the heat pump supply heat to the storage separately. Heat pump runs when either 

the output temperature of the PVT is quite low to charge the storage, or the storage is unable 

to meet the space heating demand. PVT can either be used to charge the storage or to feed 

the heat pump, but not for both at the same time.  

A TRNSYS® model for this system is being developed. Once fully functional, this model will 

be used to optimize the component sizes of the system, the control scheme and the 

stratification strategy. Once an optimized system is obtained, a business case for this system 

will be made by comparing its performance with a conventional gab boiler or an air heat pump 

system to estimate energy savings and financial savings. This TRNSYS® model can be 

further expanded into other configurations by adding and removing components. Therefore, 

this model will serve as the basis for developing many different system models in future. 
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Appendix A: Front Glass Convection 
In case of forced convection, the air flow over the panel may be laminar or turbulent, indicated 

by the Reynolds number. Reynolds number is given by: 

𝑅𝑒 = 𝑢∞. 𝐿𝑐/𝜈𝑎𝑖𝑟 Eq. A-1 

Where, 𝑢∞ is the wind speed away from the panel, 𝐿𝑐 is the characteristic length of the panel, 

and 𝜈𝑎𝑖𝑟 is the kinematic viscosity of air.  

In the lab setup the air flows in one direction along the length of the panel and hence the 

characteristic length is the length of the panel. However, in outdoor conditions the wind is 

constantly changing direction. Therefore, the characteristic length is better described by 𝐴/𝑃 

[12](page 609). Where, 𝐴 is the gross surface area of the panel while 𝑃 is the perimeter of the 

panel surface. 

For the air flow over a flat plate the boundary layer transitions into turbulent for Reynolds 

number larger than 5 ∙ 10
5 

[12]. For outdoor measurements the Reynolds number is estimated 

to be in the range 5 ∙ 10
5 
< 𝑅𝑒 < 3 ∙ 10

6
 [12](page.390), meaning the boundary layer transitions 

into turbulent. For the lab conditions the Reynolds number is calculated to be about 4 ∙ 10
4
 

hence the flow is fully laminar over the panel.
 
 

Free convection is determined by another dimensionless parameter called Rayleigh number. 

𝑅𝑎 = 𝐺𝑟. 𝑃𝑟 Eq. A-2 

Where, 𝐺𝑟 is Grashof number, and 𝑃𝑟 is Prandtl number which is around 0.7 for air. 

Grashof number and Prandtl number are defined as following: 

𝐺𝑟 = 𝑔. 𝛽 ∙ 𝑐𝑜𝑠𝜃. ∆𝑇. 𝐿𝑐
3/𝜗2 Eq. A-3 

𝑃𝑟 = 𝜗/𝛼 Eq. A-4 

Where, 𝜃 is the inclination of the panel with respect to the horizontal, 𝑔 is the gravity 

acceleration, 𝛽 is coefficient of volumetric expansion, ∆𝑇 is the temperature difference 

between the surface and the ambient, and 𝛼 is the thermal diffusivity. 

Nusselt number for fully turbulent forced convection over a flat plate is given by Vries [2](page 

25),  

𝑁𝑢𝑓𝑜𝑟𝑐𝑒𝑑,𝑡𝑢𝑟𝑏𝑢𝑙𝑒𝑛𝑡 = 0.036𝑅𝑒4/5𝑃𝑟𝑎𝑖𝑟
1/3

 Eq. A-5 

While Nusselt number for the fully laminar forced convection over the flat plate is given by 

[12](page 442), 

𝑁𝑢𝑓𝑜𝑟𝑐𝑒𝑑,𝑙𝑎𝑚𝑖𝑛𝑎𝑟 = 0.664𝑅𝑒1/2𝑃𝑟𝑎𝑖𝑟
1/3

,   𝑃𝑟 ≥ 0.6 Eq. A-6 

Nusselt number for free convection on a horizontal plate (as in lab measurements) is given 

by[12](page 610),  

𝑁𝑢𝑓𝑟𝑒𝑒,ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 = 0.15𝑅𝑎1/3,   107 ≤ 𝑅𝑎 ≪  1011 Eq. A-7 

Nusselt number for free convection on an inclined plate (as in outdoor installation) is given by 

[2](page 25), 

𝑁𝑢𝑓𝑟𝑒𝑒,𝑖𝑛𝑐𝑙𝑖𝑛𝑒𝑑 = 0.56(𝑅𝑎𝑐 ∙ sin (𝜋/4))1/4 + 0.13(𝑅𝑎1/3 − 𝑅𝑎𝑐
1/3), 

108 ≤ 𝑅𝑎 ≪  5 ∙ 1010, where 𝑅𝑎𝑐 is critical Rayleigh number, 108 for air 
 Eq. A-8 

In our case 𝐺𝑟 ∙ 𝑅𝑒−2 ≈ 1, meaning the convection is mixed [2](page 25). Vries has described 
a formula for calculating the Nusselt number for mixed convection as [2](page 25): 

𝑁𝑢 = (𝑁𝑢𝑓𝑜𝑟𝑐𝑒𝑑
𝑝

+ 𝑁𝑢𝑓𝑟𝑒𝑒
𝑝

)
1/𝑝

  Eq. A-9 

Where 𝑝 = 3 for laminar flow and 𝑝 = 4 for turbulent flow [2](page 25). Since the forced 

convection is laminar, 𝑝 = 3 is taken in the model. 
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Appendix B: Radiation Network Model 
Figure B-0-1 shows the radiation network between the three surfaces. Here 𝐴𝑖 is the surface 

area of ith surface (PVT panel in this case), 𝐹𝑖𝑗  is the view factor of jth surface (solar 

simulator in this case) with respect to the ith surface, 𝐽𝑖 is the radiosity of ith surface, 𝐸𝑏,𝑖 is the 

black body radiation corresponding to the temperature of the ith surface and 휀𝑖 is the 

emissivity of the ith surface. Taking analogy from an electrical circuit the zig-zag sections 

represent the resistance to radiative heat exchange, while 𝐽𝑖 and 𝐸𝑏,𝑖 are analogous to the 

voltage at the nodes. 

 
Figure B-0-1: Radiation network model for net radiation heat transfer by PVT panel 

The net radiative heat transfer from the ith suface which is analogous to the electrical current 

is given by: 

𝑞𝑖 =
𝐸𝑏𝑖 − 𝐽𝑖

(1 − 휀𝑖)/휀𝑖𝐴𝑖

  Eq. B-1 

Radiosity of a surface is defined as the sum of the irradiance emitted and reflected by the 

surface. Therefore, 

𝐽𝑖 = 휀𝑖𝐸𝑏,𝑖 + (1 − 휀𝑖)𝐺𝑖  Eq. B-2 

Where, 𝐺𝑖 is the incident irradiance on the ith surface. 

The emissive power of a black body is given by Kirchoff’s law of radiation. 

𝐸𝑏,𝑖 = 𝜎(𝑇𝑖 + 273.15)4  Eq. B-3 

If the ith surface behaves like a black body there is no reflection from the surface. Therefore, 

from Eq. B-2 and Eq. B-3 the radiosity of the ith surface is given by, 

𝐽𝑏,𝑖 = 𝐸𝑏,𝑖 = 𝜎(𝑇𝑖 + 273.15)4  Eq. B-4 

Different view factors between the surfaces are related by following expressions: 

𝐴𝑖𝐹𝑖𝑗 = 𝐴𝑗𝐹𝑗𝑖,  Eq. B-5 

∑ 𝐹𝑖𝑗 = 1

𝑁

𝑗=1

  Eq. B-6 

The radiative heat balance equations at the node 1 (which refers to the panel segment) and 

node 2 (which refers to the solar simulator surface) at the corners of the triangle can be 

written as, 
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𝜎(𝑇1+273.15)
4−𝐽1

(1− 1)/ 1𝐴1
=

𝐽1−𝐽2

1/𝐴1𝐹12
+

𝐽1−𝐽3

1/𝐴1𝐹13
,     PVT panel  Eq. B-7 

𝜎(𝑇2+273.15)4−𝐽2
1−𝜀2
𝜀2𝐴2

=
𝐽2−𝐽1

1

𝐴2𝐹21

+
𝐽2−𝐽3

1

𝐴2𝐹23

,     Solar simulator surface 
 Eq. B-8 

Using Eq. B-6, 𝐴2𝐹21 = 𝐴1𝐹12. Assuming the large surface of the room as a blackbody, Eq. B-4 

gives, 𝐽3 = 𝜎𝑇3
4. Replacing the values of 𝐽3 and 𝐹21 and solving Eq. B-7 and Eq. B-8 together 

𝐽1 is obtained in terms of the panel temperature (𝑇1). The simulator surface temperature (𝑇2) 

is known, while the room temperature (𝑇3) is assumed to be equal to the room air 

temperature. 

The view factor 𝐹12 which is the view factor from the panel to the simulator surface is 

calculated as per Eq. B-9 [12](page 863). 

𝐹𝑖𝑗 =
1

𝐴𝑖

∫ ∫
cos 𝜃𝑖 cos 𝜃𝑗

𝜋𝑅2
𝑑𝐴𝑖𝑑𝐴𝑗

𝐴𝑗𝐴𝑖

  Eq. B-9 

Where, the parameters used in the calculation in Eq. B-9 are depicted in Figure B-0-2. 

 

Figure B-0-2: View factor between the PVT panel and the solar simulator 

Knowing 𝐹12, all the other view factors can be calculated directly by using Eq. B-5 and Eq. 

B-6. 

𝐹13 = 1 − 𝐹12  Eq. B-10 

𝐹23 = 1 − 𝐹21  Eq. B-11 

𝐹21 = 𝐹12 (
𝐴1

𝐴2

)  Eq. B-12 

Finally, the net radiative heat loss from the panel to the ambient can be written using the 

radiation network approach, given by: 

𝑄𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛,𝑎𝑖𝑟 = 𝑞1 =
𝜎(𝑇1 + 273.15)4 − 𝐽1

(1 − 휀1)/휀1𝐴1

  Eq. B-13 

In case of outdoor installation, the panel loses heat via radiation to the cold sky and to the 

surrounding features which are assumed to be ground in this case. The sky and the 

surroundings are large surfaces compared to the panel and hence are considered black 

bodies. Therefore, in Eq. B-7 and Eq. B-8, 𝐽2 and 𝐽3 are replaced by blackbody irradiation at 

respective temperatures and 휀2 is set to 1. Solving Eq. B-7 and Eq. B-8 to obtain 𝐽1, and 

substituting the value of 𝐽1 into Eq. B-13 we obtain the expression for 𝑄𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛,𝑎𝑖𝑟 . 

Therefore, the radiative heat loss by the panel to the ambient is given by: 
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𝑄𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛,𝑎𝑖𝑟 = 𝐴𝑠 ∙ 𝜎 ∙ 휀𝑔𝑙𝑎𝑠𝑠,𝑡𝑜𝑝 ((𝐹𝑝𝑎𝑛𝑒𝑙 𝑡𝑜 𝑠𝑘𝑦 ((273.15 + 𝑇𝑔𝑙𝑎𝑠𝑠,𝑡𝑜𝑝) 4 − (273.15 +

𝑇𝑠𝑘𝑦)
4

)) + (𝐹𝑝𝑎𝑛𝑒𝑙 𝑡𝑜 𝑔𝑟𝑜𝑢𝑛𝑑 ((273.15 + 𝑇𝑔𝑙𝑎𝑠𝑠,𝑡𝑜𝑝) 4 − (273.15 + 𝑇𝑔𝑟𝑜𝑢𝑛𝑑)
4

)))  
 Eq. B-14 

Where, 𝐴𝑠 is the area of the panel segment, 𝜎 is Stefan Boltzmann’s constant, 휀𝑔𝑙𝑎𝑠𝑠,𝑡𝑜𝑝 is the 

emissivity of the top glass surface, 𝐹 = (1 − 𝑐𝑜𝑠𝜃)/2 is the view factor from the panel to the 

sky 𝐹𝑝𝑎𝑛𝑒𝑙 𝑡𝑜 𝑠𝑘𝑦 = (1 − 𝑐𝑜𝑠𝜃)/2  is the view factor from the panel to the sky, 𝑇𝑔𝑙𝑎𝑠𝑠,𝑡𝑜𝑝 is the 

temperature of the top glass surface, 𝜃 is the inclination of the panel to the horizontal in 

radians, and  𝑇𝑠𝑘𝑦, is the sky temperature: 

Sky temperature is correlated to the ambient temperature by following relation [9](page 24): 

(𝑇𝑠𝑘𝑦 + 273.15) = 0.0552 ∙ (𝑇𝑎 + 273.15)0.5  Eq.B-15 

Where, 𝑇𝑎 is the ambient temperature. 
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Appendix C: Heat Conduction - Absorber 
Figure C-0-1 shows the absorber along with the adjacent layers in the SolarTech panel. The 

arrows show the direction of heat conduction in the absorber. Heat is conducted through the 

absorber in two directions - along the thickness of the absorber and along the surface of the 

absorber. Since the thickness of the absorber is very small and Aluminum is a very good 

conductor, there is almost no resistance to heat flow along the thickness of the absorber. 

However, the heat needs to flow from the absorber to the tubes that carry the circulating fluid. 

These tubes act as a sink for the heat. This creates gradients in the absorber in the direction 

perpendicular to the tubes. Here forth in this report, this effect will be called the fin effect.  

In the curved section of the absorber the heat flows only radially, to the tube, due to the 

presence of the tube as heat sink. There, are no temperature gradients in this section of the 

absorber. The red curve in Figure C-0-1 represents the temperature profile across the 

absorber. This profile will be derived later in this section. 

 
Figure C-0-1: Heat conduction in SolarTech Aluminum absorber 

Figure C-0-2 shows the heat balance in the Aluminum absorber by focussing on a small 

element of thickness ∆𝑥. The absorber receives heat from the glass surface on top through 

conduction. A very small part of this is lost via conduction to the back side. The remaining 

heat flows along the x direction as shown in Figure 3-5. 

 

 

 
Figure C-0-2: Heat balance in the Aluminum absorber 

The heat balance of the element of thickness ∆𝑥 and unit length can be written as following: 

− 𝑈𝑡 ∙ 𝛥𝑥 ∙ (𝑇 − 𝑇𝑐) − 𝑈𝑏 ∙ 𝛥𝑥 ∙ (𝑇 − 𝑇𝑎) + (−𝑘𝑎𝑙 ∙ 𝛿𝑎𝑙 ∙
𝑑𝑇

𝑑𝑥
)|

𝑥
− (−𝑘𝑎𝑙 ∙ 𝛿𝑎𝑙 ∙

𝑑𝑇

𝑑𝑥
)|

𝑥+∆𝑥
= 0 Eq. C-1 

Where, 𝑇𝑐 is the cell temperature, 𝑇𝑎 is the ambient air temperature, 𝑈𝑡 is the heat loss 

coefficient between the absorber and the PV cells and 𝑈𝑏 is the back heat loss coefficient 

between the absorber and the air. 𝑘𝑎𝑙 and 𝛿𝑎𝑙 are the heat conductivity and the thickness of 
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the Aluminum absorber respectively. The overall heat loss coefficient and an effective ambient 

temperature for the absorber can be defined as follows: 

𝑈𝑙 = 𝑈𝑡 + 𝑈𝑏 Eq. C-2 

𝑇𝑒𝑓𝑓 =
𝑈𝑡 ∙ 𝑇𝑐 + 𝑈𝑏 ∙ 𝑇𝑎

𝑈𝑙

 Eq. C-3 

Reorganizing the derivatives in Eq. C-1 and substituting Eq. C-2 and Eq. C-3 into Eq. C-1 we 

arrive at:  

𝑑2𝑇

𝑑𝑥2 =
𝑈𝑙

𝑘𝑎𝑙∙𝛿𝑎𝑙
∙ (𝑇 − 𝑇𝑒𝑓𝑓)  Eq. C-4 

To solve Eq. C-4 we need to apply two boundary conditions. In SolarTech panel the absorber 

is not continuous. There is a discontinuity between the two adjacent absorber plates at the 

origin (𝑥 = 0) as shown in Figure 3-5. Therefore, there is no heat trasfer at 𝑥 = 0.  

Furthermore, the curved section of the absorber forms only a very small part of the absorber, 

meaning 𝐷 ≪ 𝑊. It can be safely assumed that this section of absorber is at a fixed 

temperature 𝑇𝑏, These boundary conditions can be expressed as: 

𝑑𝑇

𝑑𝑥
|

𝑥=0
= 0,   𝑎𝑛𝑑   𝑇|𝑥=(𝑊−𝐷)/2 = 𝑇𝑏 Eq. C-5 

Solving Eq. C-4 under above mentioned boundary conditions, we arrive at the expression for 

temperature across the absorber as a function of 𝑥, described by Eq. C-6 and Eq. C-7. The 

corresponding temperature profile is shown in Figure 3-5. 

𝑇 = 𝑇𝑏 + (𝑇𝑒𝑓𝑓 − 𝑇𝑏) ∙ (1 −
cosh (𝑚𝑥)

cosh (
𝑚(𝑊−𝐷)

2
)
),              𝑥 𝜖 [0,

 𝑊−𝐷

2
]  Eq. C-6 

𝑇 = 𝑇𝑏,                                                                  𝑥 𝜖 [
 𝑊−𝐷

2
,

 𝑊

2
 ]  Eq. C-7 

Where,  𝑚 = √
𝑈𝑙

𝑘𝑎𝑙∙𝛿𝑎𝑙
  

Furthermore, Figure C-0-3 shows the heat balance of the curved section of the Aluminum 

absorber. There is an air gap on top of the tube between the glass and the tube. Therefore, it 

is assumed that no heat is transferred between the glass and the tube directly. The only heat 

gain to the circular section is through the extended flat absorber section. However, the circular 

part of the Aluminum absorber loses heat from the back.  

 
Figure C-0-3: Heat balance of the U-shaped cavity in the Aluminum absorber 

The heat transferred to the circular section of the Aluminum absorber (per unit length along 

the tube) at the base of the fin from both sides can be written as: 

𝑄𝑓𝑖𝑛 = 2 ∙ 𝑘𝑎𝑙 ∙ 𝛿𝑎𝑙 ∙ 𝑙 ∙
𝑑𝑇

𝑑𝑥
|

𝑥=
 𝑊−𝐷

2

  Eq. C-8 

Substituting 
𝑑𝑇

𝑑𝑥
|

𝑥=
 𝑊−𝐷

2

 , 𝑄𝑓𝑖𝑛 can be expressed as: 

𝑄𝑓𝑖𝑛 = −(𝑊 − 𝐷) ∙ 𝐹 ∙ 𝑈𝑙 ∙ 𝑙 ∙ (𝑇𝑏 − 𝑇𝑒𝑓𝑓)  Eq. C-9 

Where, 𝐹 =
𝑡𝑎𝑛ℎ

𝑚(𝑊−𝐷)

2
𝑚(𝑊−𝐷)

2

, and 𝑙 is the length of the segment. 
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The heat loss at the back of the semi-circular section of the absorber is given by, 
𝑄𝑏𝑎𝑐𝑘 = 𝑝𝑖 ∙ 𝑑𝑐𝑎𝑣𝑖𝑡𝑦 ∙ 𝑙 ∙ 𝑈𝑏 ∙ (𝑇𝑏 − 𝑇𝑎)/2 Eq. C-10 

Where, and 𝑑𝑐𝑎𝑣𝑖𝑡𝑦 is the diameter of the U-shaped cavity. 

The net heat transferred from the absorber to the tube is given by: 

𝑄𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛,𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑟 𝑡𝑜 𝑡𝑢𝑏𝑒 = 𝑞𝑓𝑖𝑛 − 𝑞𝑏𝑎𝑐𝑘    Eq. C-11 

Substituting Eq. C-9 and Eq. C-10 into Eq. C-11 we get the final expression for heat transfer 

from the absorber to the tube as: 

𝑄𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛,𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑟 𝑡𝑜 𝑡𝑢𝑏𝑒 = −(𝑊 − 𝐷) ∙ 𝐹 ∙ 𝑈𝑙 ∙ 𝑙 ∙ (𝑇𝑏 − 𝑇𝑒𝑓𝑓) 

−𝑝𝑖 ∙  𝑑𝑢−𝑠𝑒𝑐𝑡𝑖𝑜𝑛 ∙ 𝑙 ∙ 𝑈𝑏 ∙ (𝑇𝑏 − 𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡)/2 
Eq. C-12 
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Appendix D: Convection to Fluid 
For laminar flow and for a surface with constant temperature and negligible axial heat 

conduction the convective heat transfer is governed by the Nusselt number given by [12](page 

539), 

𝑁𝑢𝐷,𝑙𝑎𝑚𝑖𝑛𝑎𝑟 = 3.66,                    𝑅𝑒𝐷 < 1 ∙ 104 Eq. D-1 

For turbulent flow the Nusselt number is given by [12](page 545), 

𝑁𝑢𝐷,𝑡𝑢𝑟𝑏𝑢𝑙𝑒𝑛𝑡 =
(

𝑓

8
)∙(𝑅𝑒𝐷−1000)∙𝑃𝑟

1+12.7∙(
𝑓

8
)

1
2

∙(𝑃𝑟
2
3−1)

, 

0.5 < 𝑃𝑟 < 2000 and 3000 < 𝑅𝑒𝐷 < 5 ∙ 106 

Eq. D-2 

Where, 𝑅𝑒𝐷 is Reynolds number, 𝑃𝑟 is Prandtl number, and 𝑓 is Darcy friction factor given 

by following equation: 

𝑓 = (0.790 ∙ 𝑙𝑜𝑔𝑅𝑒𝐷 − 1.64)−2,                    3000 < 𝑅𝑒𝐷 < 5 ∙ 106 Eq. D-3 

𝑅𝑒𝐷 is given by: 

𝑅𝑒𝐷 =
�̇� ∙ 𝐷ℎ

𝜈 ∙ 𝐴𝐷

 Eq. D-4 

Where, �̇� is the volume flow rate of the circulating fluid, 𝐷ℎ is the hydraulic diameter, 𝜈 is the 

kinematic viscosity in, and 𝐴𝐷 is the area corresponding to the inner diameter 𝐷𝑖𝑛  of the tube. 

The hydraulic diameter 𝐷ℎ is given by [12](page 552), 

𝐷ℎ =
4 ∙ 𝐴𝐷

𝑃𝐷

 Eq. D-5 

Where, 𝑃𝐷 is the perimeter corresponding to 𝐷. 

Moving on to the convective heat transfer in Dimark panel, the fluid carrying channels are not 

circular but trapezoidal in shape as shown in Figure 3-6 (b). The Nusselt number expression 

described in Eq. D-1 for laminar flow is not applicable for non-circular channels. Therefore, for 

non-circular channels with laminar flow the Nusselt number is calculated from the empirical 

relations proposed by Shah [52]. Balkom analysed the Nusselt number for Dimark panel using 

these empirical relations and estimated the Nusselt number for laminar flow as following: 

𝑁𝑢𝐷,𝑙𝑎𝑚𝑖𝑛𝑎𝑟 = 1.55 Eq. D-6 

For the turbulent flow through trapezoidal channels Eq. D-2, Eq. D-3, Eq. D-4 and Eq. D-5 can 

be used. 
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