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Abstract 

This Master thesis, in collaboration with Morgonsol Väst AB, was completed as a part 

of the Solar Energy engineering program at Dalarna University. It analyses the 

electrical and thermal performance of a prototype PVT collector developed by 

Morgonsol Väst AB. By following the standards EN 12975 and EN ISO 9806 as 

guides, the thermal tests of the collector were completed at the facility in Borlänge. The 

electrical performance of the PVT collector was evaluated by comparing it to a 

reference PV panel fitted next to it. The result from the tests shows an improved 

electrical performance of the PVT collector caused by the cooling and a thermal 

performance described by the linear efficiency curve ηth=0.53-21.6(Tm-Ta/G). The 

experimental work in this thesis is an initial study of the prototype PVT collector that 

will supply Morgonsol Väst with important data for future development and research of 

the product. 
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Nomenclature 
APVT Gross area of the PVT collector 

AM Air mass 

C Concentration factor for concentrating PVT 

Cp Specific heat capacity  

E Equation of time 

G Global solar irradiance 

Gd Diffuse solar irradiance 

Impp Current at Maximum Power Point 

Isc Short circuit current 

Lloc Local longitude 

Lst Standard longitude 

  Mass flow 

n Day number 

Pmpp Electrical power at Maximum Power Point 

Tcell PV cell temperature 

Tref PV cell temperature at STC (25°C) 

Ta Ambient temperature 

Tin Collector inlet temperature 

Tout Collector outlet temperature 

Tm Mean temperature of collector fluid 

ΔTmax The maximum expected temperature difference between Tm and Ta for the 

PVT collector 

Vmpp Voltage at Maximum Power Point 

Voc Open circuit voltage 

α1 First order heat loss coefficient 

β Tilt 

θ Incident angle of beam irradiance 

δ Declination angle 

ϕ Local latitude 

ω Hour angle 

γ Azimuth 

γpv Temperature coefficient of the maximum power point for PV module 

η0 Zero-loss coefficient, efficiency at Tm-Ta 

ηth Thermal efficiency of PVT 

ηpv PV efficiency at a specific temperature 

ηpv,ref PV efficiency at STC 
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1 Introduction  
The world is standing before one of the greatest challenges in modern time; the way 

that fossil based energy sources are used is unsustainable by all means. The climate 

change has to be addressed with great authority before it is too late. In order to stay 

below the goal of a temperature rise of 2°C by 2050, the world has to reduce the 

greenhouse-gas emissions.  Therefore an international goal of reducing the greenhouse-

gas emissions by 50% from 2014 levels by 2050 has been set (International Energy 

Agency – IEA, 2014). By turning to renewable energy sources for energy extraction 

instead of fossil based fuel is one of the ways towards achieving these goals. 

Solar energy is one of the fastest growing renewable energy sources and the 

commercialization of photovoltaic (PV) is one of the main reasons. The rapid growth of 

PV from 23GW installed capacity by the end of 2009 to 135GW installed by the end of 

2013 has not only resulted in a massive expansion of the market. But also a reduction in 

the price of PV modules, in the six years from 2008-2014 the price was reduced by 

80%. The International Energy Agency envisions that by 2050 16% of all electricity, 

worldwide, will be produced from photovoltaic. But in order to reach it, several 

obstacles has to be overcome, one of the biggest is the economic compatibility with 

other energy sources. One way to achieve that is to make the PV panels more efficient 

(International Energy Agency – IEA, 2014). 

Crystalline silicon has the largest market share for photovoltaic today, but the material 

has some less beneficial properties (International Energy Agency – IEA, 2014). When 

the temperature rises in the crystalline silicon solar cells, the numbers of thermally 

exited electrons increase. This leads to a lowered voltage and a decreased power output 

of the solar cell (Skoplaki & Palyvos, 2009). In warm climates this can have a 

substantial effect on the annual output of the solar panels. A way to solve this problem 

is to continuously cool the solar cells in order to reduce the temperature rise, increasing 

the yield from the system (Khelifa et al., 2015). A technique that utilizes this is 

“Photovoltaic Thermal collectors” (PVT) that generates both electrical power and 

thermal heat, by using the PV as a thermal absorber (Zondag, 2008). There are several 

benefits with the PVT technology, one of them is that the demand for both thermal 

energy and electricity is supplementary and it is therefore logical to have a device that 

supplies both. Another benefit is that the combined efficiency of the system is higher 

than for separate PV and solar thermal systems (Tyagi et al., 2012). The PVT technique 

also obtains a higher amount of produced energy per unit area than separate use of PV 

and solar thermal (Zakharchenko et al., 2004). 

Morgonsol Väst AB, which is the collaborating company, has developed a new thermal 

heat exchanger for a PVT collector that can be applied to almost any crystalline PV 

panel. In this way it can be supplied to different markets around the world, where 

locally available PV panels can be used. They have also developed a brand new 

technique, where vacuum is used to attach the heat exchanger to the PV panel. More 

about the properties of the PVT collector can be found in section 2.5.3 Morgonsol Väst 

AB PVT Collector. Since the product has not been tested yet, the company is interested 

in the performance of their product. The PVT collector will undergo both thermal and 

electrical testing for its performance and the results will be compared to a reference PV 

panel as well as other commercially available products. 
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1.1 Collaborating companies 

Energiförbättring Väst AB was founded in 1991 by the CEO Johan Ahlgren and are 

celebrating 25 year as a company this year. The main focus of the company is in the 

areas of ventilation, sanitation and heating, in general related to heat pumps. The 

company has 25 employees and has a yearly turnover of 50 000 000 SEK.  

In 2012 Johan Ahlgren and his 

partner Leif Karlsson founded a 

second company, named Morgonsol 

Väst AB to add focus on the solar 

market. The company is developing 

products used for solar energy 

applications as well as importing 

already existing products from the global market. It is Morgonsol that has developed 

the prototype heat exchanger that will be investigated in this report. 

1.2 Aims 

The aim of the project is to evaluate the thermal performance of a prototype PVT 

collector and its electrical performance compared to a reference PV module.  

1.3 Method  

The project is divided into two different parts; the first one is the theoretical 

background where a literature review will be done. The second is the practical 

experiments where the PVT collector is tested in the local conditions in Borlänge. By 

studying different test methods, an appropriate methodology for this thesis will be 

chosen.  

The data from the experiments will be analyzed and from the result conclusions will be 

reached. 

1.3.1. Theoretical method 

In order to evaluate the performance of the PVT collector a literature study is 

conducted to get the sufficient theoretical background information. By searching well 

know databases; such as Science Direct and Web of Science to find well citied articles. 

Google Scholar and Summon at the Dalarna University library are used as a 

complement to find relevant articles that the databases do not supply. Words used in the 

search to find articles are: PVT, photovoltaic thermal, temperature PV, etc. Also the 

references used in articles that are studying similar areas are reviewed. 

By studying different measurement techniques for both testing of thermal collectors and 

PV modules the methodology used for the practical method in this thesis is decided 

upon. More about these different testing methods is presented in section 2.4 Testing 

methods for PVT. 

1.3.2. Practical method 

The practical method is focusing on the experimental study that is the main part in this 

thesis. The PVT collector will undergo testing in order to evaluate both the electrical 

and thermal performance. From the theoretical method where different measurement 

techniques are studied, the decision on which method to use is taken. The decision is 

based on the recommended testing method as well as the available equipment for 

measurements at Dalarna University. Thermal testing methodology will use steady state 

conditions, defined in EN 12975-2:2006 and EN ISO 9806, as a guideline. The 

electrical performance of the collector will, on the other hand, be evaluated by placing a 

Figure 1.1 Morgonsol Väst AB company logo 
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reference PV module side by side with the PVT collector. Both the electrical and 

thermal performance will be evaluated at an outdoor testing rig at the Dalarna 

University facility in Borlänge.  

This thesis examines the performance of the PVT collector, partly in comparison with a 

PV module. Since the heat exchanger should be able to be attached to different models 

of PV modules, the study will not be able to generalize the performance of the PVT. It 

will give a result for the specific combination of the heat exchanger and PV module 

tested and will give an indication of the performance together with other modules. 

Mainly due to the unique performance of the PV module and the material used in the 

production of it.  
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2 Theoretical background 
In order to get a deeper understanding of the benefits of PVT collectors, some 

theoretical background will be given on PV and solar cells. Today the most common 

type of solar cells are made out of crystalline silicon. The global market share for 

mono- and polycrystalline solar cells is at the moment roughly 90% (International 

Energy Agency – IEA, 2014).  

When the solar radiation reaches the solar cell, the energy contained in the photon will 

break an electron bond and cause an electron to move from the p-doped material to the 

n-doped. At the same time the newly generated hole will move over the band gap in the 

opposite direction (Deutsche Gesellschaft für Sonnenenergie (DGS), 2013). A single 

photon will only generate one electron hole-pair. This is a brief description of the so 

called photovoltaic effect that generates electricity in solar cells (Deutsche Gesellschaft 

für Sonnenenergie (DGS), 2013). But far from all of the energy in the photons will 

cause the effect of generating electricity. The crystalline solar panels absorb 

approximately 80% of the irradiation (Helden, et al., 2004). Out of the 100% incident 

solar energy that actually reaches a crystalline solar cell the following energy balance 

can be derived, showing the unused energy. 

 3% shading and reflection losses from front contacts 

 22% energy in long-wave radiation  

 30% energy in short-wave radiation 

 8.5% recombination losses 

 20% potential gradient in cell 

 0.5% series resistance 

Leaving only 16% as output from the specific solar cell in form of usable electrical 

energy (Deutsche Gesellschaft für Sonnenenergie (DGS), 2013), although the exact 

distribution of the losses might vary, depending on the particular solar panel. The two 

main losses as of the list above are related to the photons energy in the different 

wavelengths. Photons with an energy that is smaller than the bandgap in the solar cell 

will not be absorbed by the material and therefore moves through it, until it reaches the 

back surface, where most of them are reflected. A small share of the low energy 

photons will be absorbed and generate heat. The photons in the short-wave radiation 

contain more energy than is needed to break the electron bond. When the photon has 

generated an electron hole-pair there is still excess energy that will be absorbed in the 

material as heat (Helden, et al., 2004). Figure 2.1 display an overview of the 

wavelengths of the incoming solar radiation that is converted in to electricity as well as 

heat. 

 

Figure 2.1 Solar radiation spectrum with the usefull radiation for electricity generation 

marked. Reprinted from Helden et al., (2004) with permission from the publisher. 
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As explained before a large fraction of the energy that is not useful in terms of 

electricity generation is absorbed by the material and converted into heat. During sunny 

days the temperature of the PV can reach temperature significantly higher than the 

ambient, more on the temperature effects in section 2.2 Temperature effects on PV. 

2.1 STC- Standard Test Conditions 

When testing the electrical performance of PV modules, they are exposed to so called 

“standard test conditions” (STC) which are certain operating conditions that relate to 

the IEC60904/DIN EN 60904 standards. STC are used to enable that modules from 

different manufacturers globally can be compared to each other in an impartial and easy 

way (Deutsche Gesellschaft für Sonnenenergie (DGS), 2013). 

The standard test conditions are: 

 Irradiance (G) of 1000W/m
2
, perpendicular to the surface 

 A cell temperature of 25°C, tolerance ±2°C 

 Air mass, AM=1.5 

From the performance tests at STC, a unique IV-curve is generated that shows the 

relation between the current (I) and the voltage (V), Figure 2.2 shows examples of IV-

curves. The performance test also generates other important data for the specific 

module, such as temperature coefficients, efficiency, open circuit voltage and short 

circuit current (Deutsche Gesellschaft für Sonnenenergie (DGS), 2013). 

2.1.1. NOCT-Normal Operating Cell Temperature 

PV modules are also tested at another condition, NOCT, but this data is not that 

common to be used when comparing PV modules. NOCT is defined as the equilibrium 

temperature of the solar cell junction at a given ambient condition for operation. The 

conditions for which NOTC should be established are as follows (International 

Electrotechnical Commission, 2005): 

 Tilt angle (β) 45°, mounted in an open rack 

 Irradiance (G) of 800W/m
2
 

 Ambient temperature (Ta) 20°C 

 Wind speed 1m/s 

 Open circuit conditions  

The NOCT gives a hint of how effective PV module is in transfer of access energy that 

otherwise causes the temperature to increase. 

2.2 Temperature effects on PV 

One side effects of using crystalline silicon as the material for solar cells is that it is 

more affected by temperature changes than e.g. thin film.  Since it is very seldom that 

the PV modules operate under the exact STC conditions (Deutsche Gesellschaft für 

Sonnenenergie (DGS), 2013), both the effect from temperature and irradiance needs to 

be taken into account when analyzing the performance of the PV module.  
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As mentioned in section 1 Introduction a temperature rise of the solar cell causes the 

numbers of thermally exited electrons increase (Skoplaki & Palyvos, 2009). This 

reduces the voltage over the PV module and therefore also the output power. In Figure 

2.2 the temperature dependence on the open-circuit voltage is shown.  

 

Figure 2.2 IV-curves at different temperatures of the solar cell. Reprinted from 

Lenardic, (2015) with permission from the publisher. 

In order to establish the operating characteristics at different temperatures, coefficients 

are defined for the open-circuit voltage, the short-circuit current and the maximum 

power point. The first two are measured according to the standard IEC 61215 and the 

coefficient for maximum power point is determined from IEC 60891. The temperature 

coefficient for the open-circuit voltage of a crystalline module is in the range from -0.3 

to -0.55%/°C and for the maximum power point (γpv) from -0.37 to -0.52%/°C 

(Deutsche Gesellschaft für Sonnenenergie (DGS), 2013). The following equation can 

be used to calculate the actual efficiency of the PV module for different temperatures. 

The formula can also be used to calculate the maximum output voltage and current 

from a system, during specific condition that can be useful when designing a full 

system. 

                                 equ. 2.1 

In Figure 2.3 the temperature dependence on the power output from a solar cell is 

illustrated. The yellow curve (to the left) corresponds to a solar cell temperature of 

75°C, while the black (to the right) is for -25°C. 

 

Figure 2.3 Power-Voltage curve at different temperatures of the solar cell. Reprinted 

from Lenardic, (2015) with permission from the publisher 
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Different ways of mounting the PV modules can have a significant effect on the 

operating temperature. This is mainly due to the differences in ventilation of the 

back-side of the modules. Figure 2.4 shows the temperature increase of a PV array 

relative to the ambient temperature, for different mountings. It also shows the reduction 

in annual energy yield from the system that can be expected from the system. The data 

is for an irradiance of 1000W/m
2
 (Deutsche Gesellschaft für Sonnenenergie (DGS), 

2013). 

 

Figure 2.4 Temperature increase if the PV array relative to the ambient temperature, 

for different types mounting. Data collected from Deutsche Gesellshaft für 

Sonnenenergie (DGS), 2013. 

By mounting the panels freestanding the natural convection is increased and therefore 

the temperature rise is not as significant as for the integrated modules, where there is no 

natural circulation behind the panel. Exposing the PV panel to either natural or forced 

circulation of a liquid or gas the temperature decreases as and the performance of the 

PV panel can be increased.  

2.3 Photovoltaic thermal collectors 

A hybrid PVT collector is a combination of a PV module and a thermal collector. This 

means that the PVT generates both thermal and electrical energy at the same time 

(Tripanagnostopoulos et al., 2002). 

A PVT collector can be seen as solar cells with a heat exchanger attached to them. The 

heat exchanger has two main tasks; the first is to reduce the temperature of the solar 

cells by cooling them with a forced flow of either a liquid or a gas and the second is to 

absorb the thermal energy that otherwise would be lost. The heat collected from the 

heat exchanger can then be used for several purposes, such as heating of domestic hot 

water, space heating or for heat pumps (Charalambous et al, 2007). The reduction in 

temperature has beneficial effects to the power output of the PV module, as explained 

in section 2.2 Temperature effects on PV. In some designs, where the solar radiation is 

concentrated, it is absolutely necessary to cool the solar cells, so that they do not get 

damage from overheating.  

All though the system is beneficial for the over-all yield, the electrical and thermal part 

is partly in conflict when it comes to optimization of the collector. Since the optimal 

operating conditions of a PV module is when it is cold and not covered by anything that 

can cause reflection losses (e.g. extra sheet of glass), the best PVT from an electrical 

point of view should not be insulated. But on the other hand the heat exchanger requires 

8.9 
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insulation to avoid heat losses. The higher the operating temperature, the more 

insulation is needed. Therefore solar thermal collectors often have insulation on all 

sides and a glass sheet in front to minimize the losses (Zondag, 2008). In the end it 

depends on the application for which the PVT collector should be used. If it is a low 

temperature application like heat pumps or for higher temperatures as for domestic hot 

water. 

Compared to a conventional solar collector a PVT collector has a lower thermal 

performance and efficiency. This can be derived to mainly four different reasons. The 

first is that the absorption factor is lower on PV modules surface than on of 

conventional absorber, due to the increased reflection by the different layers of the PV 

module.  A conventional thermal absorber usually has an absorption of 95% while a 

PVT absorber only has 75-85%. Secondly the PV modules surface is not spectral 

selective, causing a lot of thermal radiation losses. Thirdly is the fact that the heat 

transfer between the absorber surface and the heat transfer medium is not as good as of 

a conventional solar collector. The fourth and final reason is that some of the energy is 

converted into electricity, reducing the amount of available energy for heat generation 

(Zondag, 2008). 

In recent years a lot of research has been done on PVT collectors and many different 

designs have been developed. They can all be divided into two main categories, “Flate-

plate” and “Concentrated”.  Figure 2.5 displays a way of grouping PVT collectors. 

 

Figure 2.5 Grouping of PVT collectors 

 

Concentrated PVT systems use a reflector in order to concentrate the incoming solar 

radiation to a smaller spot, where in low concentrating systems, the solar cells are 

located. This design was originally developed due to the high price of solar cells, 

therefore cheap reflector material 

was and still is used to get a cost 

effective product (Zondag, 2008). 

For this system to work the solar 

cells needs cooling in order to not 

get overheated. Therefore a water 

based liquid is often used in these 

systems, since it has a higher 

specific heat capacity than a gas, 

which is necessary to remove a 

sufficient amount of heat from the 

solar cells (Charalambous et al., 2007). An example of a concentrating PVT collector is 

shown in Figure 2.6. Low concentrating systems has a concentration ratio of 1<C<100, 

while high concentration system has a ratio above 300 (Helmers & Kramer, 2013). 

PVT 

Flat-plate 

Glazed 

Unglazed 

Concentrated 

Low concentrating 

High concentrating  

Figure 2.6 Exampel of a low concentrating PVT 

collector 
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The flat-plate PVT collectors can be divided into glazed and unglazed, depending on if 

there is a glazing above the PV laminate. These collectors often use either a water 

based liquid or air as coolant (Kim & Kim, 2012). The focus of this thesis will be on 

flat-plate, unglazed, liquid cooled PVT collectors.  

2.3.1. Flat-plate PVT collectors 

As mentioned before flat-plate PVT collectors are divided into two subcategories, 

glazed and unglazed. Glazed flat-plate PVT collectors are very similar to flat-plate solar 

thermal collectors, with the isolated box 

around and the top glazing. The main 

difference is that the top absorber is the 

PV laminate. Figure 2.7 shows a 

sectional view of a glazed PVT collector, 

where the layout of the collector is made 

clear. Glazed PVT collectors have the 

benefit of a high thermal efficiency due 

to the insulation.  But as a side effect the 

electrical efficiency is lowered (Kim & 

Kim, 2012).  

 

Unglazed PVT collectors are unlike the glazed, more similar to PV modules in their 

appearance. They have a PV covered heat 

exchanger, without any additional 

glazing, resulting in less loss from 

reflection and more solar radiation 

transmitted. This leads to a higher 

electrical efficiency, but also in a lowered 

thermal efficiency due to increased 

thermal losses. A sectional view of the 

design of an unglazed PVT collector is 

shown in Figure 2.8 (Kim & Kim, 2012). 

Flat-plate PVT collectors are mainly used for low (<60°C) or medium temperature 

(<100°C) applications (Moradi et al., 2013). 

2.3.2. Manufacturing problems 

When manufacturing a flat plate PVT collector there are two main techniques that are 

commonly used to attach the heat exchanger to the PV. The most basic principle is to 

glue either individual solar cells or a full PV module to an already existing commercial 

absorber (Zondag, 2008). When gluing individual solar cells to the absorber the 

problems are related to an insufficient protection of the solar cell from the ambient that 

may cause problems with moisture. The layout is also problematic when it comes to 

electrical protection between the electrical and thermal side. By using complete PV 

modules instead these problems are eliminated, since the module is then already 

finished and sealed. On the other hand the technique generates other problems related 

to the heat transfer between the heat exchanger and PV module; it can be derived from 

air bubbles trapped in the glue but also the reflection from the different layers in the PV 

module. The technique is therefore not very good for commercial manufacturing 

(Zondag, 2008). 

  

Figure 2.7 Sectional view of a glazed PVT 

collector. Reprinted from Kim & Kim 

(2012) with permission from the publisher. 

Figure 2.8 Sectional view of an unglazed 

PVT collector. Reprinted from Kim & Kim 

(2012) with permission from the publisher 
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The second method is to laminate together the entire PVT collector. This method 

requires a significant electrical resistance between the heat exchanger and the silicon 

cells, in case the heat exchanger is made out of metal. When laminating there is a risk 

of the product being bent due to the different properties of the materials, resulting in 

different contraction during the cooling process. Extra support in the construction might 

be necessary creating a more complex product (Zondag, 2008). 

Another technique only suited for low temperature and pressure applications is the use 

of more basic pool collectors made out of plastic. In this case the absorber and PV 

module can either be joined together by low temperature lamination or by gluing. Using 

this technique, the issue with the electrical resistance is not a problem. But the 

problems with lamination and gluing remain. This is only suited for unglazed PVT 

collectors due to the limited temperature the plastic absorber can withstand (Zondag, 

2008).  

2.4 Testing methods for PVT 

According to Hofmann et al., (2010) the interest for PVT has grown rapidly in recent 

years and a lot of experimental evaluations have been done. But even though the market 

is in need of a standardized model to test PVT collectors, there has still not been any 

success in establishing a full standard.  

Different ways to evaluate the PVT collectors’ performance have therefore been 

developed, with rather different starting points. Some studies and methods are based on 

the standards for testing of solar collectors and PV modules, EN 12975 and IEC 61215 

respectively. Other methodologies are based on experimental studies, where the 

performance has been evaluated in order to create calculation models. 

2.4.1. EN 12975-2:2006 

The European standard for testing of solar thermal collectors is called EN 12975-2 and 

includes regulations of how the collectors should be tested. There are two different 

ways to evaluate the thermal performance according to the standard, dependent on the 

different ambient conditions and the equipment available for measurements. The first 

one is a steady state condition that originates from Ashrae 93-77 and ISO 9806 

standards (Pettersson et al., 2011). Measurements at steady state conditions have strict 

requirements on the testing conditions, as can be seen in Table 2.1. Testing at steady 

state has been the most applied method for decades and is widely known. The second 

method is the quasi dynamic testing method (QDT) that is a modified version of the 

steady state method and was introduced in the mid-90s by Perers and Fisher (Kovacs, 

2012). As can be seen in Table 2.1 the requirements on the testing conditions are not as 

strict as for steady state. This makes it easier to test the collectors outdoor, eliminating 

the need for a solar simulator (Pettersson et al., 2011). But the model requires input of 

more parameters needing a more substantial measurement set-up. Both of the testing 

methods are considered to supply reliable results for the thermal performance (Kovacs, 

2012).The required ambient conditions that should be fulfilled for measurements at the 

two different testing methods are compiled in Table 2.1.  
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Table 2.1 Requirements on the ambient conditions for measurements according to 

Steady-state and Quasi-dynamic methods. Data collected from Fischer et al., (2004). 

Parameter 
Steady-state Quasi-dynamic 

Value 
Deviation from  

the mean 
Value 

Deviation from  

the mean 

Global solar irradiance G [W/m
2
] >650 ±50 300 < G < 1100 - 

Incidence angle of the beam 

irradiance θ [°] 
< 20  -  - - 

Diffuse fraction Gd/G [%] < 30 - - - 

Surrounding air temp. Ta [°C] - ±1.5 - - 

Surrounding air speed u [m/s] 3±1 - - - 

Collector inlet temperature Tin [K] - ±0.1 - ±1 

The next update of the EN 12975 is expected to contain information on testing of PVT 

collectors.  

2.4.2. IEC 61215 

IEC 61215 is the standard for testing of crystalline PV modules and solar cells. The 

standard presents the testing procedure for several different parameters. It addresses the 

testing of mechanical load, insulation, along with performance at both STC and Normal 

Operating Cell Temperature (NOCT), etc.  There are two methods presented for finding 

the cell temperature, NOCT. “The primary method” is applicable for all types of solar 

cells and the “the reference-plate method”, which only is applicable for PV modules 

that respond to changes in the ambient conditions in the same way as the reference-

plate. “The reference-plate” method is faster than “the primary method”, but has higher 

requirements on the data, see Table 2.2 (International Electrotechnical Commission , 

2005). 

Table 2.2 Requirements on the ambient conditions for measurements of NOCT 

according to the primary and reference-plate methods. Data collected from 

International Electrotechnical Commission, (2005). 

Parameter 
Primary method Reference-plate method 

Value 
Deviation from  
the mean 

Value 
Deviation from  

the mean 

Global solar irradiance G [W/m
2
] > 400 10% 750 < G < 850 ±40 

Surrounding air temp. Ta [°C] 20 ±15 - ±1 

Surrounding air speed u [m/s] 1.5 ±0.75 0.5 < u < 2 - 

Wind gusts [m/s] < 4 - - - 

Wind direction  [°] < 20 - < 20 - 

The standard also covers the performance test of the PV modules. It is completed under 

standard test conditions; presented in section 2.1 STC- Standard Test Conditions. The 

tests are done by a flash test, where the module is exposed to the light source during a 

very short time. This is done in order to not increase the heat of the module. Tracing the 

current and voltage will result in an I-V curve, as the result for the PV module. In the 

standard the equipment used for measurements and the required setup is presented, 

along with the acceptable uncertainties and repeatability (International Electrotechnical 

Commission, 2005). 
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2.4.3. Fraunhofer ISE 

At Fraunhofer Institute for Solar Energy systems a measurement procedure based on 

already existing standards has been developed. The standards are IEC 61215 that is the 

standard for testing of PV modules and EN 12975:2006 for solar thermal collectors. By 

extracting appropriate testing methods from each standard and also adding a few more 

themselves, a reliability testing sequence was created. (Hofmann et al., 2010) 

Hofmann et al., (2010) also presents efficiency testing methods for glazed PVT 

collectors. The measurement procedure contains tests for both the thermal and electrical 

efficiency. Since the performance of the PVT collector depends on both the PV and the 

heat exchanger, different tests have to be conducted for various operating conditions. 

The thermal efficiency test is therefore suggested to be done at two different operating 

conditions of the PV: Open circuit and Maximum power point. In the first one the PV 

module does not generate any electricity, so all of the energy that is absorbed by the 

PVT is converted into heat. During the second test condition, the PV module is 

connected to an MPP tracker, enabling it to generate electricity.  At these two operating 

conditions a full thermal efficiency test is completed according to EN 12975, with 

different inlet temperatures. The thermal efficiency tests are conducted with a sun 

simulator, which does not meet the requirements for electrical performance testing 

according to IEC 61215. Therefore additional testing of the electrical properties is 

required and also testing at Normal Operating Cell Temperature. But since the NOCT 

depends on the temperature of the fluid in the heat exchanger, these tests have to be 

conducted for several different temperatures on the fluid (Hofmann et al., 2010). 

2.4.4.  PV Catapult 

Zondag et al. (2005) have developed guidelines for testing of PVT collectors as a part 

of the European Union project PV-Catapult. The guidelines are developed for testing of 

liquid-cooled, non-concentrating PVT collectors with crystalline silicon. The standards 

for testing solar collectors and PV modules are also the foundation for these guidelines, 

as of the methods presented by Hofmann et al., (2010). Since the performance of a PVT 

collector is affected by additional aspects that the standards IEC 61215 and EN 12975 

do not cover. The guidelines works as a complement to these, by covering the other 

characteristics and also to merge some requirements.  It addresses indoor 

measurements, but also outdoor, something that IEC 61215 does not include. By 

creating a so called power matrix, the quasi-stationary conditions for measuring that are 

stated in EN 12975 does not need to be fulfilled in order to evaluate the electrical 

performance. Therefore the collection of data from measurements will be easier and 

faster, generating a result quicker. The power matrix should be filled with power values 

at different temperatures and different intensities of irradiance. The evaluation of 

thermal efficiency on the other hand is required to be done during quasi-stationary 

conditions, with two extra provisions: that the PV is operated at MPP at the time of 

measuring and that the larger time constant is taken into account (Zondag et al., 2005). 

2.4.5. EN ISO 9806:2013 

The standard EN ISO 9806:2013 is the latest one regarding testing of solar thermal 

collectors and replaces the standard EN 12975. The standard contains more or less the 

same testing procedures as the previous En 12975, but with a few additions. None of 

the additions are relevant for the performance testing in this thesis except for the 

addition of Annex J covering PVT testing. Since the revised version of the EN 12975 is 

expected to cover testing of PVT collectors, an annex was just added to the ISO 

standard. The annex is added to get a standardized testing method for PVT collectors so 

that they can be certified with Solar Keymark.  
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The only thing that is added in the annex on performance testing of PVT collectors is 

that the electrical output should be kept at MPP during the thermal performance test. In 

addition it states that the testing of the electrical should be according to the IEC 

standard, related to the type of PV that is included in the PVT.  

2.5 Previous work 

Throughout the years there have been a lot of studies on PVT collectors and their 

benefits. In the mid 1970s when the oil price rose massively, the research of PV and 

PVT was stimulated (Zondag, 2008). In the beginning the focus was on increasing the 

efficiency of the PV, since it was quite low at the time (Fudholi et al., 2014). But as the 

efficiency increased the focus shifted towards making a more complete product with a 

high overall efficiency, for both the electrical and thermal side.  

2.5.1. Previous testing of PVT collectors 

Results from two previous studies on PVT collectors, using similar measurement 

methods, are presented in this section. The data provides a hint of what results that can 

be expected from the tests in this study. 

In the study made by Kim & Kim (2012) two PVT collectors are tested in order to 

establish their performance. The PVT collectors are based on the same PV module with 

a copper sheet and tube heat exchanger, using an antifreezing liquid as the source for 

heat extraction. One of the PVTs is glazed with full insulation and the other is unglazed 

with only insulation on the back. The test of the collectors is carried out according to 

ASHRAE standard 93-77, which the EN 12975 standard is based on. The efficiencies 

reached as a result of the measurements are expressed as a linear relation. For the 

glazed PVT the efficiency curve is equal to ηth= 0.51 − 5.36(Tm-Ta/G) and for the 

unglazed it is ηth =0.45 − 10.15(Tm-Ta /G). In the expression 0.51 and 0.45 stand for 

the zero-loss efficiency, η0, stating that when the mean temperature of the fluid is equal 

to the ambient temperature (Tm=Ta) the glazed PVT has a higher thermal efficiency. 

While -5.36 and -10.15 are the first order loss coefficient, showing that the losses from 

the unglazed are higher and more dependent of the temperature 

A measurement report conducted by Katic (2006) for IEA SHC Task 35, the PVT 

collector “PVtwin” is tested in order to see the performance. The “PVtwin” collector 

has a heat exchanger made out of copper and is categorized as a glazed collector with 

full insulation. The measurement procedure is according to the EN 12975 standard and 

only data point that fulfills the requirements of the standard is saved and used. The 

efficiency is presented as a linear expression, where the zero-loss coefficient is equal to 

η0=0.60 and the first order loss coefficient α1=7.37. 

2.5.2. Market research 

Even though the market for PVT collectors still is limited there are a few available. The 

focus of the market research will be on flat-plate PVTs’ because those will be the main 

competition to the Morgonsol PVT collector. Table 2.3 shows a summation of some of 

the flat plate PVT collectors commercially available on the market today. The data 

provided for each PVT has been collected from the individual data sheets supplied by 

the manufacturers. But as mentioned in section 2.4 Testing methods for PVT, there are 

no standardised method for testing of PVT collectors. Therefore the same performance 

values are not provided by the manufacturers and the testing methods used to obtain the 

data are not always presented. Given that, the data in the table should be treated with 

care. 
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Table 2.3 Summation of some commercially avalible PVT collectors on the market. 

Manufacturer Solimpeks Wiosun Dualsun 

Model 
Volther 

PowerVolt 

Volther 

PowerTherm 

PVT-

205M 

PVT-

200M 
Wave Wave 

Type Unglazed Glazed Unglazed Unglazed Unglazed Unglazed  

Insulation - - Yes No Yes No 

Heat exchanger Copper Copper - - - - 

Gross area [m
2
] 1.37 1.43 1.31 1.31 1.66 1.66 

Nominal electrical 

power [W] 
200 180 205 200 250 250 

n0 0.629 0.69 0.715 0.715 0.51 0.55 

α1 - 5.72* 22.89** 7.98** 11.4 15.76 

Testing method - - - - EN12975 EN12975 

Comment 
* Calculated from presented data 

in table format 
**b1 **b1     

There are also several companies that are developing and manufacturing concentrating 

PVT for similar applications as for the flat-plate PVT collectors. Since Morgonsols’ 

product will be available mainly on the Swedish market, there are at least two 

companies supplying concentrating PVT that are active in Sweden. Absolicon that is a 

Swedish company and Solarus that has its research centre located in Sweden. 

2.5.3.  Morgonsol Väst AB PVT Collector 

The three collaborating companies have a long history of working with solar energy. 

Ever since the 1990s Leif Karlsson has been working with solar energy and developing 

new products for the market. Leif has together with his son developed the solar 

collectors called Karlssonsolfångaren, K1 and K2, where the second still is available on 

the market. 

In 2011 the companies developed their first idea of a prototype of a PVT hybrid 

collector together. The product did not reach the market and Energiförbättring Väst 

decided to start working with a PVT collector from the German manufacturer Wiosun 

in their projects. They have now completed several project including PVT collectors, in 

both smaller and larger scale. In 2013 Energiförbättring Väst converted the energy 

system at the residential housings at Brf. Vålöken in Kungälv from district heating to a 

combination of geothermal heat pumps and PVT collectors. The main idea is to use the 

heat from the PVT collectors to increase temperature of the incoming brine to the heat 

pumps, in order to increase the efficiency. Furthermore the excess energy is then 

transferred down into the boreholes, where the idea is to create a seasonal storage. The 

system is a part of a project within E2B2, which is the largest research programme in 

Sweden on energy efficient building and living. Together with SP (Technical Research 

Institute of Sweden) the system has undergone a substantial evaluation and it will 

continue to be monitored. The first indications are that the system is well functioning, 

but that the seasonal storage is not working as planned. Probably due to that the 

boreholes are placed too far away from each other. In 2014 a similar project was 

completed at Brf Jättens Gömme in Kungälv, which is claimed by Energiförbättring 

Väst to be the largest of its kind in Europe. During these projects the three companies 

continued with the development of their own PVT collector. 

The prototype that Morgonsol has developed is basically the heat exchanger to a 

flat-plate PVT collector, with a brand new technique to join the two components. More 

about the different components of the PVT collector and how they are joined together 

can be found in the following sections. 
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2.5.4. The PV module 

A part of the idea of Morgonsols’ product is that the heat exchanger should be able to 

be joined together with almost any regular crystalline PV module available on the 

market as long as it has measurements in the range of 1.6x1.0m. It gives the product 

high flexibility, since the heat exchanger can be sold globally, where locally produced 

PV modules can be used. Also the possibility to change the supplier/model of PV 

module if a different electrical output is required for a specific system. By using already 

existing PV modules the company does not need to test the electrical part of the PVT 

according to the standard IEC 61215, since it has already been done. 

2.5.5. The heat exchanger 

Morgonsol heat exchanger is made out of Acrylonitrile Butadiene Styrene (ABS) that is 

a thermoplastic polymer. It is created from two sheets of ABS; the first one creates the 

structure of the tubes, while the second one seals them. The technique is called twin-

sheet and by placing the two sheets of ABS in a prefabricated mould and then heating 

them up to 180°C, the air is then slowly removed from below the bottom sheet, creating 

the tube structure. The sheets are then joined together by applying high pressure on the 

top, sealing the heat exchanger. The procedure is finished by cooling the material, 

making the plastic stiff again. A cross section of the tube layout can be seen in Figure 

2.9, where the radius and thickness of the material is marked. 

 

Figure 2.9 Cross-section of the tube structure on the heat exchanger 

The full design of the heat exchanger can be seen in Figure 2.10, on the left side in the 

figure there is a piece cut out. This is done in order to fit the heat exchanger to the PV 

panel, without having to remove the junction box. If the junction box is moved the 

module needs to be re-certified. The layout of the tube can also be seen in the figure, it 

consists of only one tube that is going back and forth over the full area, with one 

connection at each end (A&B). 

 

Figure 2.10 Sketch of the heat exchanger design 
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The connections for the fluid are also developed by Morgonsol and can be seen in 

Figure 2.11. They are connected by bolting a metal profile with a tube perpendicular to 

the heat exchangers end tube. In this way the connecting pipes can be fitted on the back 

side of the PVT collector. A rubber gasket is fixed in-between to avoid leakage. 

 

Figure 2.11 Cross-section of the connections fitted to the heat exchanger 

The technical specifications of the PVT prototype are presented in Table 2.4. The 

values in the table are rough estimates, since the product is still a prototype; they should 

be treated with care. 

Table 2.4 Summation of the technical specifications of the heat exchanger 

Technical specifications 

Material ABS  

Dimensions (L x W x H) 1650mm x 980mm x 7mm 

Weight Approx. 5kg 

Area 1.56m
2 

(can be adapted) 

Tube radius 6mm 

Tube length Approx. 45m 

Fluid volume Approx. 2.5litre 

 

2.5.6. Attaching the heat exchanger to the PV module 

The technique developed by Morgonsol Väst to join the PV module with the heat 

exchanger is the part of this product that is unique. In section 2.3.2 Manufacturing 

problems several problems that are related to the existing methods for joining the heat 

exchanger to the solar cells are presented. Problems with air bubbles trapped in 

between the materials when gluing them together and also with lamination, causing a 

reduced heat transfer.  

The idea is to avoid the problems of reduced heat transfer by using vacuum to join the 

heat exchanger with the PV module to create a PVT collector. The heat exchanger is 

first fitted with a strip around the edges in order to form an airtight seal against the PV 

module and then placed on the back side of the same. Right below the “cut out” for the 

junction box, the heat exchanger has a fitted connection for air extraction. By 

connecting a vacuum pump to it, the air from between the heat exchanger and PV 

module is extracted, pressing the surfaces together. A differential pressure sensor is 

used to monitor the vacuum and start the pump, when ever needed.  
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2.5.7. The complete collector 

The final PVT collector consists of different components, as mentioned in the previous 

sections: PV module, ABS heat exchanger sheet, vacuum pump. It is not insulated on 

the back, since the primary focus is to increase the gain from the solar cells and gain 

heat for low temperature appliances, such as heat pumps and swimming pools. Another 

positive effect from not insulating the PVT collector, besides that the solar cells are 

kept cooler, is the gain from condensation on the heat exchanger that is supplying extra 

energy to the fluid. 
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3 Experimental set-up and calculations  
The experiments that are carried out as a part of this thesis are divided into two separate 

set-ups, one to do thermal measurements on the PVT all by itself in order to see the 

performance of the full collector and one set-up to evaluate the electrical performance 

in a comparison with a non-cooled PV module. All of the measurements in this thesis 

are conducted in a way that is based on the methods for EN 12975 and ISO 9806, 

mainly since the PV module has already been tested separately according to IEC 61215. 

But the method used has some limitations due to the available time frame and 

equipment. The uncertainties for each experimental set-up will be described in the 

corresponding section. 

3.1 General description, location and test rig 

All experiments are conducted at Dalarna University facilities in Borlänge, Sweden, 

latitude 60.49°. The tests are carried out on the 8
th

 - 9
th

 of June and the 5
th

 of September 

2016. 
 

The test rig used for both experiments is ground mounted and is placed with an azimuth 

of 0°, facing directly south. This is according to the standards and to get an angle of 

incidence that is not larger than 20° around solar noon. It is calculated using the 

declination angle (δ) at 8
th

 of June and the 5
th

 of September (n=day number). 

                
     

   
  

 equ. 3.1 

The declination angle on the 8
th

 of June is equal to 22.9° and at the 5
th

 of September it 

is 5.8°.  From this the slope of the surface (β) is calculated so that the incident angle (θ) 

is equal to 0° at solar noon for the local latitude (ϕ) 60.49°. 

          
equ. 3.2 

From equ. 3.2 the slope that the rig (β) should have is calculated to get the optimal 

slope of the panels. The available rig at Dalarna University where the panels are 

mounted has a fixed slope of 42°. 

Since measurements at steady state conditions should not be done when the angle of 

incidence is larger than 20°, the available time frame for measurements is calculated. 

From the equation below the hour angle (ω) is extracted using the angle of incidence 

equal to θ=20° and the azimuth (γ) 0° for the south facing rig.  

                                  
                                      
                  

equ. 3.3 

The hour angle (ω) is equal to 21° on the 8
th

 of June, resulting in 84 minutes before and 

after solar noon that is available for measurements. On the 5
th

 of September the angle is 

15.8°, which corresponds to 63 minutes. The standard time is calculated from the 

following formula, considering the local longitude (Lloc) of 15.41°, the standard 

longitude (Lst) of 15°, daylight saving time and the equation of time (E). 

                                        
equ. 3.4 
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The standard time at solar noon on the 8
th

 of June is 12:57, the available window for 

measurements are from 11:33 to 14:21, local time. On the 5
th

 of September solar noon 

is also at 12:57 and the measuring time will therefore be from 11:54 to 14:00. 

3.2 Equipment 

The equipment used for the measurement in this thesis is presented in this section. It 

has been chosen based on the available equipment at Dalarna University. 

3.2.1. PV module 

The two PV module used in the tests are from the German manufacturer Wiosun and 

were supplied by Morgonsol Väst AB. It is their 60 cell, monocrystalline model 

DE-C250M Black. One is used together with the heat exchanger and one as the 

reference PV module. The electrical specifications and the temperature coefficients for 

the PV modules are presented in Table 3.1. 

Table 3.1 Electrical specification of the Wiosun DE-C250M Black, PV module. 

Parameter Value at STC Temperature coefficient 

Pmpp 250W -0.43%/K 

Vmpp 30.35V  

Impp 8.24A  

Voc 37.88V -0.34%/K 

Isc 8.66A +0.04%/K 

Module efficiency 15.40%  

 

Both of the modules are sorted so it has the rated power that is in the data sheet or 

slightly above. The module converted into a hybrid has a rated power of 252.5W and 

the other one 253.4W. The outer dimensions are 1640 x 990 x 35mm, resulting in an 

area of 1.62m
2
. 

3.2.2. Inverter 

Two identical inverters are used during the measurements, one for the PVT collector 

and one for the PV module. The inverter model is MAC250 from the manufacturer 

INVOLAR. The inverter has MPP tracking and a maximum efficiency of 95.0%. From 

the data sheet the following parameters are relevant for the measurement set-up. 

Table 3.2 Specifications of the INVOLAR MAC250 inverter 

DC input ranges  

Maximum input DC power 180~250W 

Maximum input DC voltage 50V 

MPP voltage range 22~40V 

Maximum DC input current 10A 

3.2.3. Logging unit 
Two Edgebox v12 data logger are used to collect the data from the system. The data 

loggers have 12 different terminals for voltage measurements. For more details of the 

set-up of the data logger, see section 3.3 Set-up. The accuracy of the voltage inputs is 

0.03%. 
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3.2.4. Temperature sensors 

The temperature sensors used in the fluid are RTDs, PT100 sensors with a range from   

-200°C to 200°C. In total there are two RTD temperature sensors in order to measure 

the inlet and outlet temperature of the PVT collector. The PT100 sensors use a four 

wire connection, requiring an excitation current in order to enable measuring. In the set 

up the temperature sensors get the current from the data logger. They have no marked 

accuracy, so it is assumed to be less than 0.3°C, based on DIN IEC60751. A K-type 

thermocouple is used to measure the ambient temperature, the accuracy is assumed to 

be 2.5°C, based on IEC60584.  

3.2.5. Voltage divider 

Voltage dividers are needed to measure the voltage from the PVT and PV, since the 

output voltages are too high to be measured directly by the data logger. The divider is 

used to reduce the measured voltage to an acceptable range for the data logger, 

maximum 2.5V. It is dimensioned using temperature coefficient -0.34%/K converting 

the Voc at STC to the value at 0°C, which is estimated to be well below the actual 

testing condition as a precaution. The voltage divider is sized so that the resistors can 

be selected from the E12 standard. The two resistors will be of 22kΩ and 1kΩ, where 

the measurements will be conducted over the smaller one. Each resistor has an accuracy 

of 5%. 

3.2.6. Current shunt 

In order to measure the current in the system a shunt needs to be used, since the data 

logger only can measure voltage. The current shunt is selected to fit the system and to 

generate a very small voltage drop that will not affect the system performance 

significantly. The output voltage from the shunt is equal to 10A at 60mV, 

corresponding to a resistance of 6mΩ. The accuracy of the shunt resistor is not 

specified, but is assumed to be maximum 0.5%. 

3.2.7. Solar radiation sensor 

A silicon irradiation sensor from Tritec is used to measure the irradiance. The model 

Spectron 300 has a measuring range of 0 to 1500W/m
2
 and a linear output voltage of 0 

to 150mV. The accuracy of the sensor is ±5% 

3.2.8. Weight measurement 

The flow rate is calculated from the weight of the outlet water passing through the PVT 

collector. The water flows into a container fitted on a scale and by measuring the 

increased weight over one minute the mass flow rate is calculated. The scale has a 

range from 500g to 150kg, an uncertainty of 50g and the resolution is 50g. 

3.3 Set-up  

For the measurements both the PVT collector and the PV module is placed on the same 

rig facing south. The separate unites are connected to two independent micro inverters 

with MPP tracking, that are connected to the grid and always running. The 

measurement electrical equipment mentioned in section 3.2 Equipment is set up 

according to Figure 3.1 below. The equipment for the thermal measurements is 

connected to the PVT as well as the data logger. The following parameters are 

measured in order to evaluate the performance. 

 DC-voltage (PV+PVT) 

 DC-current (PV+PVT) 

 Solar radiation 

 Ambient temperature 

 Weight 

 Inlet temperature 

 Outlet temperature 
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Figure 3.1 Electrical measurement setup 

The equipment used for thermal and electrical measurements are connected to the data 

loggers. When everything is fitted, the data loggers are connected to a computer to set 

up the parameters for measuring. Each channel is set up individually, by selecting the 

measured parameter and the range of the measurement. In Table 3.3 the set ranges for 

the different measurements are presented. Storage period is set to 1 minute and the 

measuring period to 10 seconds, resulting in an average value every minute from a total 

of 6 measurements. 

Table 3.3 Data logger set ranges for the different measurements 

Chanel Set range 

Current PVT 0…75mV 

Voltage PVT 0…2500mV 

Pyranometer 0…150mV 

Voltage PV 0…75mV 

Current PV 0…2500mV 

Inlet temperature 0…40mV 

Outlet temperature 0…40mV 

Ambient temperature 0…20mV 
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3.4 Measurement procedure 

The measurement procedure is divided into two parts, one for the electrical 

measurement and one for the thermal. All of the data will be collected during the same 

time frames around solar noon. But due to the special requirements for thermal testing, 

the data for the thermal evaluation will only be from within the requirements of steady 

state conditions in the standard. While all of the data of the electrical performance will 

be used in order to compare the reference PV module with the PVT collector. The 

systems will at all time be connected to the inverters and run at MPP. 

3.4.1. Electrical measurement 

All of the electrical measurements are conducted on the DC side of the system. Using 

the set-up with a voltage divider, with resistors of 22kΩ and 1kΩ, the voltage from the 

system is measured. The current is measured via a shunt resistor, were the voltage drop 

is measured by the data logger. The logging of the data is done during the same time as 

the thermal measurements are conducted so that the result can be derived from the 

ambient temperature as well as the temperature of the fluid in the PVT heat exchanger. 

3.4.2. Thermal measurements 

For the thermal measurements the European standard EN ISO 9806 is used as a guide. 

The measurements will be conducted during solar noon according to the calculations 

done on the available time frame in section 3.1 General description, location and test 

rig. The time frame is calculated so that the angle of incidence is smaller than 20° at all 

time. During the measurements the mass flow rate should stay constant and is set to 

0.02kg/s, m
2
, which for this collector is 0.032kg/s or 1.94kg/min, from the 

specifications for unglazed collectors. The flow rate is controlled by measuring the 

weight, with the scale, of the water passing through the collector in the beginning, in 

the middle and at the end of each measuring session. The measurement should be 

conducted at three different mean temperatures:  

 The mean temperature of the fluid is equal to the ambient temperature ±3°C 

Tm=Ta±3°C 

 The mean temperature of the fluid is equal to the ambient temperature plus half 

of the maximum expected temperature difference between the mean fluid 

temperature and the ambient. 

Tm=Ta+0.5(ΔTmax)±3°C 

 The mean temperature of the fluid is equal to the ambient temperature plus the 

maximum expected temperature difference between the mean fluid temperature 

and the ambient. 

 Tm=Ta+(ΔTmax)±3°C 

Since the ΔTmax is not known for the PVT collector, the standard states that 10°C could 

be used as a guide. The flow and temperature is set by controlling the mixture of hot 

and cold water coming from the tap together with a regulating valve. According to 

measurements conducted at steady-state conditions the measurement point should have 

a period of 15minutes before and 10 minutes after where the conditions are within the 

limits stated in the standard and can be seen in Table 2.1. 

3.5 Boundary conditions 

This thesis has some boundary conditions that have to be taken into account. These are 

mainly due to the time frame and the measurement equipment available at Dalarna 

University. 
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3.5.1. Test rig 

The test rig that is used for mounting the panels during the testing period has a fixed tilt 

of 42° and azimuth of 0°. Since it is made by hand the direction parameters might be a 

bit offset, from the calculated, due to inaccuracy in the construction. Given that the test 

rig is fixed and not tracking, the measurements have to be done during solar noon. 

3.5.2. Measurement equipment 

The measurement equipment is one of the main boundary conditions in this thesis. 

Since the available measurement equipment at Dalarna University does not fully meet 

the very strict set standards of EN ISO 9806 and IEC 61215. During the testing, no 

measurements for diffuse irradiance, long wave radiation or wind speed can be 

conducted, even though it is suggested in the standards. 

3.5.3. Time limit 

The time for measurements is a limiting factor due to that the measurements only can 

be conducted right before and after solar noon. Also that the ambient conditions has to 

be favourable during the measurements. 

3.6 Uncertainties 

In order to analyze the data, the uncertainty for each measurement needs to be 

considered. The uncertainty is calculated according to the equation 3.5. 

                               

equ. 3.5  

3.6.1. Solar power measurement 

The uncertainty for the solar measurement is a combination of the accuracy of the 

pyranometer and the data logger. The uncertainty is calculated as follows. 

                      

The uncertainty of the solar measurement is roughly 5%. 

3.6.2. DC power measurement 

The uncertainty for the DC measurement is a combination of the accuracy of the 

current shunt, voltage divider and the data logger. The uncertainty is calculated as 

follows. 

                          

 

                                    

 

                       

The uncertainty of the DC power measurement is roughly 7%. 
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3.6.3. Temperature 

The temperature sensors used during the measurements has no given accuracy. From 

studying similar sensors an accuracy of less than 0.3°C for the PT100 and for the K-

type thermocouple an uncertainty 1%. 

The uncertainty for the temperature difference between the two PT100 sensors can be 

calculated as follows. 

                             

3.6.4. Flow/weight measurements 

The data collected to establish the flow rate is collected over 1 minute and the flow rate 

should be close to 1.94kg/min. By using the accuracy of the scale, that is 0.05kg, the 

uncertainty of the data point is calculated to 2.5%. 

3.6.5. Thermal power 

The compiled uncertainty of the thermal measurements includes the uncertainties of the 

temperature as well as the flow/weight measurements. The uncertainty is calculated for 

a maximum temperature difference of 10°C between the outlet and inlet PT100 sensor, 

To-Ti. 

         
      

    
 
 

          

3.6.6. Compiled uncertainties 

In Table 3.4 below the uncertainties of the different measurements are compiled.  

Table 3.4 Compiled uncertainties for the measurements 

Measurement Uncertainty 

Solar radiation 5% 

DC power 7% 

Thermal power 5% 

 

3.7 Calculations 

In order to calculate the thermal and electrical efficiency the formulas presented in the 

following subsections are used. 

3.7.1. Thermal performance 

The thermal power is calculated from the following formula, where the mass flow ( ) 

in the heat exchanger is multiplied with the specific heat capacity of water (Cp) and the 

temperature difference between the outlet and inlet temperature (To-Ti).  

                 

equ. 3.6 
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The thermal efficiency is then calculated by dividing the thermal power with the 

irradiance (G) on the full gross area of the PVT (APVT). 

    
             

      
 

equ. 3.7 

The equation that expresses the thermal performance and efficiency of the PVT 

collector is derived from the measured values. In this thesis it will be reduced to only 

the first order loss coefficient (α1) and explained by the linear expression below. 

         

       

 
 

equ. 3.8 

In the equation   is the zero-loss coefficient, where the mean temperature (Tm) is equal 

to the ambient temperature (Ta). 

3.7.2. Electrical performance 

The electrical power at the maximum power point (Pmpp) of the modules are calculated 

using the input current (Impp) and voltage (Vmpp) to the inverter, the formula below is 

used for the calculations. 

               

equ. 3.9 

The electrical efficiency is calculated from the following formula. 

    
         

      
 

equ. 3.10  
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4 Results  
The results from the experimental study are presented in this section of the thesis. It has 

been divided into two sections in order to separate the thermal and electrical evaluation. 

The first section presents the results for the thermal efficiency of the PVT collector, 

while the second section presents the electrical evaluation. In this section the electrical 

performance of the PVT collector is compared with the PV module. 

4.1 Thermal efficiency 

The thermal results are based on data points that are collected during the set time frame 

around solar noon and when the measured conditions where close to the ones stated in 

EN ISO 9806 for steady state conditions. Table 4.1 and Table 4.2 presents a 

summation of the data collected at each data point, along with the deviations from the 

average values and the requirements set for steady state conditions. The first 

measurements 1-3 were all done during the 5
th

 of September, at the state where 

Tm=Ta±3°C.  

Table 4.1 Summation of the data collected on the 5th of September, together with the 

requirements for testing at steady-state conditions 

 Steady state Measure1 

5-Sept-2016 

12:07-12:21 

Measure 2 

5-Sept-2016 

12:22-12:36 

Measure 3 

5-Sept-2016 

12:37-12:51 

Total measurement period  

(data point collection) 

25min (10min) 15 min (5min) 15 min (5min) 15 min (5min) 

Global irradiance range 

(average) 

>650W/m
2
 

±50 

847-866W/m
2
 

(860) 

867-877W/m
2
 

(873) 

867-902 W/m
2
 

(888) 

Ambient temperature ±1.5°C 14.3-15.5°C 14.7-15.9°C 14.4-16.2°C 

Inlet temperature 

(at data point collection) 

±0.1°C 9.86-10.21°C 

(10.09-10.15) 

10.20-10.38°C 

(10.29-10.35) 

10.22-10.53°C 

(10.39-10.53) 

Mass flow rate 1.94 kg/min 1.90 kg/min 1.90 kg/min 1.90 kg/min 

Ambient to mean temperature 

correlation 

 Tm=Ta±3°C Tm=Ta±3°C Tm=Ta±3°C 

 Measurement 4-5 where conducted on the 9
th

 of June and can both be related to the 

relation Tm=Ta+0.5(ΔTmax)±3°C as well as Tm=Ta+ΔTmax±3°C, since they overlap at an 

increased mean temperature of the fluid between 7-8°C. Measurement 6 was conducted 

on the 6
th

 of June at a state where Tm=Ta+0.5(ΔTmax)±3°C. 

Table 4.2 Summation of the data collected on the 8th and 9th of June. 

 Measure 4 

9-June-2016 

12:07-12:26 

Measure 5 

9-June-2016 

12:43-13:03 

Measure 6 

8-June-2016 

14:02-14:21 

Total measurement period  

(data point collection) 
20 min (5min) 20 min (5min) 20 min (5min) 

Global irradiance range 

(average) 

713-874 W/m
2
 

(782) 

633-747 W/m
2
 

(709) 

(520) 882-959 W/m
2
 

(905) 

Ambient temperature 12.4-13.4°C 12.6-13.8°C 14.2-15.1°C 

Inlet temperature 

(at data point collection) 

18.51-19.66°C 

(18.51-19.40) 

18.10-19.77°C 

(18.45-18.59) 

18.99-19.48°C 

(19.28-19.48) 

Mass flow rate 2.10 kg/min 2.10 kg/min 2.15 kg/min 

Ambient to mean 

temperature correlation 

Tm=Ta+0.5(Δtmax)±3°C 

Tm=Ta+Δtmax±3°C 

Tm=Ta+0.5(Δtmax)±3°C 

Tm=Ta+Δtmax±3°C 

Tm=Ta+0.5(Δtmax)±3°C 

The data collected on the 8
th

 of June contains a minute average value on the irradiance 

of 520 W/m
2
. It is well below the set ranges in the standard, but was still a part of the 

data that was used. The value and measurements will be commented further in section 

5 Discussions. 
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All of the accepted data points presented in the graph in Figure 4.1 are from the six 

measurement period presented in Table 4.1 and Table 4.2 above. Each data point in the 

figure represents an average value over one minute, during the last 5 minutes in each 

measurement period, resulting in five values for each session. 

 

Figure 4.1 PVT efficiency for all accepted data points 

The mean values for the temperatures and the radiation during the five minute interval 

are used to calculate the mean efficiency over the time period. Figure 4.2 shows the 

mean values inserted into a graph with the same format as above. 

 

Figure 4.2 PVT efficiency for mean values of the accepted data points 

From these points the first order heat loss coefficient was calculated in order to fit the 

efficiency curve. This was done by using the method of least squares. The zero-loss 

coefficient was calculated to   =0.53, which is the thermal efficiency of the collector 

when Tm=Ta and there are no losses to or gain from the ambient. The first order loss 

coefficient, α1, is equal to -21.6. 
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Figure 4.3 Efficiency curve of the PVT collector fitted to the graph with the mean 

values of the data points 

The fitted efficiency curve shows that the values from Measurement 6 on the 8
th

 of June 

deviates some from the others. From the equation the efficiency at different 

scenarios/conditions can be calculated. 

4.2 Electrical output 

The results from the electrical measurements are presented in this section. Unlike as for 

the thermal data points, all the measurements are used in the result in order to see the 

difference in electrical performance. The measurements for the electrical performance 

is conducted at the same time as for the thermal measurement, therefore the results are 

for the same flow rate of 2.1kg/min. In Figure 4.4 the results from the measurements 

on the 9
th

 of June are compiled, where the power of the PVT and PV are presented as a 

function of the irradiance. The power of the modules has been calculated using 

equ. 3.8. 

 

Figure 4.4 Electrical output power for various levels of irradiance on the 9th of June 

for both the PVT collector and the reference PV module. 

ηth =0.53 - 21.6(Tm-Ta)/G  
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The result indicates that the PVT collector provides a higher output power than the PV 

module. On average the performance of the PVT at Tm=Ta+5 to 10°C is 6.7% higher 

than the PV module and at Tm=Ta the performance is 6.8% higher. 

In Figure 4.5 the results from the measurements on the 5
th

 of September has been 

compiled. On that date the solar irradiance was more constant than during the previous 

measurements. The flow rate was then equal to 1.9kg/min and the measurements were 

only conducted at Tm=Ta. 

 

Figure 4.5Electrical output power for the PVT collector and the reference PV module 

on the 5th of September. 

The result on the 5
th

 of September also indicates that the PVT collector provides a 

higher output power than the PV module. On average the electrical power output from 

the PVT during this measurement period, when Tm=Ta, is 13% higher than of the 

reference PV module. 
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5 Discussion 
The measurements conducted in this thesis are the first ever completed on this PVT 

collector and will be of use to Morgonsol Väst AB for further development of the 

product. Since there has not been any measurements completed on the product before, 

there are none to compare the results from the measurements conducted in this thesis. 

In order to have something to compare the results with, the other PVT collectors that 

are presented in 2.5.1 Previous testing of PVT collectors will act as a guide to compare 

the result.  

The choice of method for this study was based on the fact that the electrical 

performance of the PV modules already had been tested according to the IEC 61215 

standard. Therefore there was no need to conduct tests on its general performance.  

Instead the main focus in the choice of testing method is based on receiving good 

thermal result from the PVT collector. EN 12975/EN ISO 9806 are used as the main 

guideline for this study, together with the recommendations given in the other studied 

publications, such as in the EU project PV Catapult completed by Zondag et al., (2005). 

The standard EN ISO 9806 is used for certifying PVT collectors with Solar Keymark, 

therefore it was believed to be a good and reliable source of testing methods for PVTs’. 

The method used deviates some from the standard, since the available measurement 

equipment at Dalarna University did not meet the requirements given in the standards. 

The measurement equipment available lacked the possibility to measure wind, diffuse 

and long wave radiation. The uncertainties of the equipment used for measurements 

have to be taken into account, when analyzing the results. All of the temperature 

sensors, the PT100s and K-type thermocouple have uncertainties greater than the 

accepted variation in the standard. Furthermore the irradiance sensor also has a large 

uncertainty that might affect the result. 

Collecting data for the thermal measurements according to the standard was more time 

consuming than expected when the project started. Therefore values that deviates some 

from the requirements given in the standard had to be accepted. The result from the 

thermal measurements on the 8
th

 of June deviates some from the fitted efficiency curve. 

A probable reason for that can be a higher average wind speed during the 

measurements. Since the measurement equipment lacked an anemometer, the wind 

speed was not recorded and can therefore not be established as the only affecting 

reason. But according to weather data from SMHI   the 8
th

 of June, at the time of the 

measurements, the average wind speed was higher than on the 9
th

. Looking at the 

irradiance values at the same measuring session, there is one averaged minute value of 

502W/m
2
 that is well below the others, as well as outside the requirements. The value is 

most likely also effecting the position and result of the data point. But since it was hard 

to get good data that was close to the requirements given in the standard during the 

available time, the data point was accepted. 

Comparing the results reached here with the ones of the unglazed PVT collector, 

studied by Kim & Kim (2012), the zero-loss coefficient is slightly higher for the 

Morgonsol collector which can be seen in Figure 5.1.  This suggests a better heat 

transfer from the PV absorber to the fluid in the heat exchanger. On the other hand it 

has a significantly higher first order heat loss coefficient, causing a larger slope on the 

curve, this is probably mainly due to that the collector tested by Kim & Kim (2012) has 

some back insulation. The insulation reduces the heat losses from the heat exchanger 

when the temperature difference between the fluid and the ambient increase. Also when 

comparing to the glazed and insulated PVT collectors in both the study by Kim & Kim 

(2012) and Katic (2006) the zero-loss coefficient are similar, but for these collectors the 

first order heat loss coefficient is significantly lower. Confirming that glazed PVT 
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collectors has an improved thermal performance compared to unglazed, due to the 

amount of added insulation. 

 

Figure 5.1 Efficiency curves for four different PVT collectors, including the Morgonsol 

Väst PVT 

Even when comparing the result of the Morgonsol PVT collector to the commercial 

available products it has a significantly higher first order heat loss coefficient. This 

indicates that is highly affected by the ambient conditions. Considering this it can be an 

asset in the right application. Since Morgonsol are planning on using the PVT collector 

in systems with geothermal heat pumps, the mean temperature in the collector will most 

of the year be below the ambient temperature. The high first order heat loss coefficient 

then suggest that the energy gain from the ambient can have a significant effect on the 

thermal performance of the PVT collector, increasing the efficiency. But at the same 

time the PVT collector should not be utilized in systems where a high temperature is 

required, since the heat losses then will be very large.  

The results from the electrical evaluation and comparison with a reference PV module 

clearly show that the PVT has a higher output power than the PV. The results show an 

increased average output power from the PVT collector of almost 7% on the 9
th

 of June, 

when the irradiance were varying a lot during the measuring period. But even though an 

irradiance of over 1000W/m
2
, as of STC, the rated output power is never reached. In 

Figure 4.4 it looks more like the power is lost at high irradiance for both the reference 

PV and the PVT. One explanation can be that there is uncertainty in the measurement 

of the DC power and it should be slightly higher and therefore possibly over the 

maximum power that the inverter can handle. On the 5
th

 of September when the 

ambient conditions were almost constant and Tm was equal to Ta the improvement of 

the electrical output was even larger than on the 9
th

 of June. The average value was an 

increase of 13%, which suggests that the positive effect of the forced cooling of the PV 

module clearly reduces the solar cells operating temperature, increasing the output 

voltage and therefore also the power from the module. The result suggests that the 

effect of the cooling gets more significant at high irradiance, when more heat is 

absorbed in the PV module. Even though the cell temperature was not measured during 

the experiment a decrease of the solar cell temperature of more than 20°C is reasonable, 

maybe even more. The slightly lower rated power of the PVT should also be 

considered, improving the results even further. 
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5.1 Conclusions 

The prototype investigated in this thesis is still in its developing phase with a lot of 

work left to be completed before it can be commercialised an available on the market. 

Several issues concerning the construction and the reliability during operation has been 

lifted with the collaborating company.  

The product has several benefits with the use of a polymer heat exchanger, including 

the price and weight of the PVT collector. The result in this thesis shows that the 

performance of the collector is similar to competing products from other manufacturers. 

Though the first order heat coefficient is significantly larger, this will mostly be a 

benefit in the application that Morgonsol Väst is planning to use it. There is also a good 

electrical improvement, suggesting that the gain in electrical efficiency will exceed the 

amount used by the vacuum pump. 

Even thought the product still is not ready, it is innovators like Morgonsol Väst AB that 

are pushing the boundaries of solar energy with new solutions. 

5.1.1. Further research 
Further research has to be done on the PVT prototype from Morgonsol Väst AB, since 

the product is still in the developing phase. The experimental work conducted in this 

thesis can be seen as an initial study on the performance of the prototype and give a hint 

of how the final product might perform. Since the measurement equipment was 

inadequate according to the standard, it is suggested that further tests are completed 

following the requirements for equipment, set in the standard. 

Other areas of the PVT collector that would be interesting to analyse is the vacuum 

system. Since this study does not tell if the vacuum technique actually improves the 

performance compared to a similar PVT collector where the heat exchanger is glued or 

laminated. Also investigate the system for the optimum vacuum pressure and if the 

performance of the collector varies when the vacuum drops.  Further research should 

also be done on the effects caused by the temperature gradient across the PVT collector 

and the lack of cooling at the junction box, in order to evaluate if the tubes should have 

a different layout. 
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