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Abstract 

With the growth of Heating, Ventilation and Air Conditioning (HVAC) systems globally, the move to efficient 

HVAC systems powered by renewable energy sources becomes more important. The combination of 

photovoltaic thermal modules and heat pumps can generate both electricity and heat on a domestic scale. 

However, as solar energy can be intermittent and varying, it is important to experimentally understand the 

effects of solar variation on the system performance. Therefore, in this study, the combined Indirect Expansion 

Photovoltaic Thermal Heat Pump (IEPVT/HP) system is experimentally evaluated under controlled and 

monitored short cycling conditions. The IEPVT/HP system is monitored over a one-hour operating time in the 

range of solar irradiances [250 W/m2-650 W/m2]. Results show the IEPVT/HP system successfully cools the 

PV surface of the PVT module by up to 33oC. This leads to an electrical efficiency increase of up to 1.4%, 

correlating to a 27.5% increase in electricity generated. The short cycling frequency increases as solar 

irradiance increases and the heat pump experiences peak COP values up to 7, greater than the manufacturer 

rating of COP = 3.  
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1. Introduction 

Energy efficiency has grown in importance in recent history, since it has become a key focus in the climate 

change discussion and the global mission to reduce carbon emissions [1]. The International Energy Agency 

(IEA) recognise that “efficiency can enable economic growth, reduce emissions and improve energy security” 

[2]. Efficiency policies alone could reduce current emission by 40% [2]. However, the feasibility of 

implementing the ideas and technology that are beneficial to energy generation efficiency is important to 

understand. Between 2000 and 2017, the global energy use reduction, due to increased efficiency, was 12% 

[2]. The importance of energy efficiency goes beyond that of just environmental impact. Increasing the energy 

efficiency serves to reduce the burden of energy consumption on developing countries by reducing its 

economic costs [2] as well as the health costs from pollutants generated by burning fossil fuel [2].  

Globally the sale of heating, ventilation and air conditioning systems have been rising to facilitate the need 

to control indoor temperatures [3]. Heat pump and renewable heating has seen a growth rate of approximately 

5% every year since 2010 [4]. The IEA has estimated that high-efficiency heating technologies will lead to a 

reduction of 3.5% in the average global heating energy intensity, every year [4]. Heat pumps are an example 

of a relatively high efficiency heating system [5]. Even with nearly 20 million heat pumps purchased globally 

in 2018, they only meet less than 3% of the global domestic heating demand [4]. 

Unlike heat pumps, solar thermal heating does not rely on any previously generated power (such as electricity) 

to produce heat [6]. Solar thermal heating converts the Sun’s rays into useable heat onsite. Within the last 

decade the global installed solar thermal heat capacity has increased by 250% and has a rated heating capacity 

of just over 470 GW [4]. Although this still only equated to meeting 2.1% of global space heating and water 

production [4]. In Europe, most solar energy systems are designed to convert sunlight into electricity [7], and 

are known as solar photovoltaic (PV) systems. Solar photovoltaic (PV) panels are typically no more than 20% 

efficient in electricity generation [8]. The rest of the absorbed sunlight rays are converted into heat [8]. In PV 

panels, the generated heat increases the temperature of the panel, resulting in a decrease of its onsite electrical 

efficiency [9]. Due to this temperature influence on the performance of PVs, the energy that is not converted 

into electricity by the PV panels must be extracted to prevent excessive heating of the PV cells and prevent 

performance deterioration [6]. PV panels can be actively cooled by passing a fluid through the rear of the panel 

[10]. It then becomes possible to extract both heat and electrical power [10]. This combined solar heat and 

electrical power system is known as a Photovoltaic/Thermal (PVT) system [11]. The fluid that passes through 

the PVT module absorbs the excess heat and thus reduces the PV temperature (𝑇𝑃𝑉). This keeps the PVT 

system relatively cool to prevent reduction in the electrical efficiency of the PV [12]. The heated fluid is then 

used for thermal related energy consumption (e.g. [7, 9, 13] ). PVT modules generate less thermal energy than 

solar-thermal collectors and less electricity than PV panels under the same conditions [7]. Nonetheless, the 

combined power output by a PVT is greater than power output of a similar sized PV panel or solar-thermal 

collector under similar conditions [7].     

With the UK committing to a net carbon neutral goal by 2050 [14], and many other countries promising to 

reduce carbon emission via the Paris Agreements [15], it is important to reduce carbon emissions from space 

heating and water heating, which accounts for 83% of the total energy consumption in homes in the UK [16]. 

In 2017 electricity and heating in buildings was responsible for 25% of CO2 emissions that year [17]. Work 

has been done in trying to combine solar energy and heat pump technology to improve system efficiency, 

especially with the rapid growth of solar thermal and solar PV installation [7]. Solar thermal and solar PV have 

seen a global average annual growth of 45.7% between 2000 and 2018 [18]. It is known that combining solar 

and heat pump technology can work to increase the performance and efficiency of the technologies [19]. 

Though there are over ninety known combined solar heat pump systems in Europe, their performance has not 

yet been systematically evaluated [19]. As such, it has been recommended that the evaluation of these systems 

should lead to the development of high efficiency systems and reliable solutions to technical challenges [19]. 

A promising solution to the combination of solar energy to heat pumps is through Indirect Expansion PVT 

Heat Pump (IEPVT/HP) systems [20, 21, 22]. The IEPVT/HP system is designed to generate, to a high level 

of efficiency, both electricity and heat [23]. These systems combine solar PVT panels with heat pumps via a 

low-volatility fluid (e.g. water) [6]. Sunlight is shone onto the PV surface, which converts part of the light into 

electricity to be stored in a battery or directly used; a larger portion of the sunlight is converted into heat [11]. 

Cool water is pumped through the PVT module thus cooling the PVT system and maintaining a high electrical 

conversion efficiency [6]. The now heated water is transported to the evaporator of the heat pump where it 

provides the heat to the heat pump. The heat generated by the heat pump can be used for space heating in the 

home. The indirect heating aspect of the system allows for ease of installing and maintenance on domestic 

sites [22]. 
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Though the IEPVT/HP system can increase the overall efficiency of heat and electricity generation in 

comparison to the individual PV panel of equivalent area and air source heat pump [22], limited experimental 

research has taken place on such systems [22]. Cai et al. [24] presented experimental and numerical work on 

an indirect expansion solar-assisted multi-functional heat pump tested under a solar simulator. They [20] used 

an experimental rig to validate a numerical code that was used to study the system. Cai et al. [20] were able to 

show that there is an observable increase in the heat pump performance as solar irradiance rises. They [20] 

experienced a 0.22 rise in their coefficient of performance (COP) as solar irradiance rose from 0 W/m2 to 800 

W/m2. Cai et al. [20] also suggest that in order to balance the heat capacity of the system and the COP, the 

mass flow rate through the evaporator should be adjusted depending on the temperature demand and heat load. 

However, it should be noted that their system [20] only produced heat and no electricity was produced. Wang 

et al. [21] also developed an indirect-expansion solar-assisted multifunctional heat pump. They [21] concluded 

that the system can operate at high efficiencies during winter on the condition the solar irradiance is also high 

(i.e. clear skies). However as solar irradiance data was not reported, and heating elements used to simulate 

solar heating at times, it is not possible to identify the effect of the solar energy on the system performance. 

Besgani et al. [25] conducted an experimental study on a dual-source solar-assisted IEPVT/HP system in 

Milan, Italy, on a detached prefabricated building. Seven PVT panels and one PV panel were used to compare 

the two different technologies. The PVTs were cooled using water and transferred to the heat pump via a water-

based evaporator. The heat pump also used an air-based evaporator to use air as another heat source. Besgani 

et al. [25] found that the water-source operation of the heat pump outperformed the air-source operation by 

34%, and that the water-source heat pump did not require any defrost cycling. It was also observed that the 

electricity production of the PV and PVT panels were similar [25]. They [25] concluded that their IEPVT/HP 

system has an average COP of 3 [25]. In another experimental study in Lyngby, Denmark, Dannemand et al. 

[26] analysed the performance of a solar IEPVT/HP system for nine months. Dannemand et al. [26] 

demonstrated that their system can operate and absorb solar energy at solar radiation intensities greater than 

50W/m2 and act as an air source heat absorber at solar radiation intensities less than 50W/m2 [26]. Though the 

system was proved to work, the researchers concluded that optimisation of the system is important [26].  

The role of renewable energy integration with heat pumps is important to understand as heat pump 

efficiency can be influenced by the heat demand of the household or heat supply required by the heat pump. A 

heat pump compressor shuts off once the room it has been heating reaches the set temperature, if the 

temperature drops below the set temperature, the compressor restarts to raise the temperature again. If this 

occurs multiple times in a short period of time, it is called short cycling [27]. Short cycling occurs primarily 

due to the variable heat demand. It can also occur when the heat supply to the heat pump becomes too low for 

the heat pump to safely operate, causing the heat pump to shut off. This allows time for the heat source to 

increase in temperature, allowing the heat pump to operate again. If this occurs several times in a short period 

of time, then this is also short cycling but due to heat supply. Waddicor et al. [27] was able to show that there 

is a decrease in the COP of the heat pump from steady state predictions due to the intermitting switching on 

and off of the heat pump during short-cycling. It is also stated that short cycling reduces the compressor 

reliability in heat pumps and the electrical supply systems [27]. Renewable energy sources, especially solar 

energy, are known to be intermittent, and as such are not a source of consistent energy [28]. This means that a 

heat pump system integrated with a solar energy system will experience periods when the solar energy supply 

is below the requirements of the heat pump to operate continuously. One way of possibly reducing this effect 

is with the use of buffer tanks [27], however the effect of buffer tanks in IEPVT/HP systems has not been 

experimentally studied. Another solution would be to integrate solar heat sources with other sources such as 

air or ground [24]. However, it is important to understand the operation of the solar source in different 

conditions as this knowledge can be used to optimize the integration of multiple sources into one system. 

It is therefore important to add experimental evidence to this growing body of knowledge, such that it can 

be applied in the design and implementation of these systems, as well as bring the commercial viability of the 

system forward. The objective of this study is to experimentally analyse the performance and efficiency of the 

indirect expansion photovoltaic thermal heat pump (IEPVT/HP) system under short cycling conditions 

utilizing a buffer storage tank. This is achieved by experimentally controlling and analysing the variation of 

key parameters that influence the performance of the system under varying solar irradiance intensities. 

2. System Description  

The IEPVT/HP system developed in this work consists of three main operational sections, the heat intake 

loop, the heat pump loop, and the heat rejection loop as shown in Fig. 1. The stages of the system are as 

follows: 
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 The heat intake loop comprises of a solar simulator producing light normally to the surface of the 

solar PVT module. The solar PVT is cooled by water that is pumped from the PVT water tank to 

the PVT; this also increases the temperature of the water flowing through it. After cooling the PVT 

module, the water flows into the PVT water tank. Water from the PVT water tank is then pumped 

through the heat pump evaporator thus transferring heat into the heat pump loop. This is a closed 

loop, so no water is lost nor gained in this cycle. 

 The heat pump loop cycles refrigerant in the subcooled or two-phase state through the evaporator 

to absorb heat from the heat intake loop water. The refrigerant becomes a saturated gas and enters 

a gas compressor. The compressor raises the pressure and temperature of the refrigerant to a 

superheated state. As the refrigerant passes through the condenser, it transfers heat to the heat 

rejection loop before passing through the expansion valve. The expansion valve returns the 

refrigerant to its two-phase form before restarting the loop. This is a closed loop, so no refrigerant 

is lost or gained in the loop. 

 The user loop pumps water through the condenser to be heated to a temperature higher than the 

ambient temperature of the environment to be heated. The heated water is pumped through a 

convection radiator with air blown over the radiator to increase heat transfer. The heated water 

transfers heat to the air passed over it, which is blown into the environment to be heated, thus 

cooling the heated water. After the water has passed through the radiator, it is pumped into the 

condenser water tank where it restarts the cycle. This is a closed loop, so no water is lost or gained 

in the loop. 

 
Fig. 1. Diagram of IEPVT/HP System. 

The solar simulator used in this work utilised 28 metal halide tungsten filament bulbs (OSRAM Ultra 

Vitalux) to generate light in the ultraviolet, visible and infrared spectrum, similar to that found in sunlight. 

They were spaced 250 mm orthogonally to create a 74 bulb array. The solar simulator is placed opposite the 

PVT module as shown in Fig. 2. The PVT module (Solimpeks PowerVolt) has an aperture area of 1.326 m2. 

The PVT was installed in a landscape orientation on a vertical wall, 90o to horizontal. The PV cells’ 

manufacturer rated nominal electrical conversion efficiency (at standard PV temperature of 25°C, standard 

irradiance of 1000 W/m2, spectrum profile of AM 1.5) was 15.06% with a power tolerance of ± 33 %, meaning 

the measured nominal conversion efficiency could vary from 10.1% to 20.1%. The solar PV cells have a 

manufacturer rated temperature correction factor of -0.45 %/°C. The PVT module is pictured opposite the solar 

simulator in Fig. 2. The heat pump used is the Aermec Venice 20H. The Aermec Venice 20H is rated by the 

manufacturer to have a heating capacity of 7.77 kW with a compressor input power of 2.59 kW and a COP of 

3. The heat pump utilises a scroll compressor and its working fluid/refrigerant is R407c. The heat pump’s 

power source feed the heat pump cycle and the circulator water pump on the evaporator. The heat pump is 

pictured with the convection radiator, PVT water tank and condenser water tank.  
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Fig. 2. Image of Solar PVT Module Opposite Solar Simulator.  Fig. 3. Image of Heat Pump, PVT Water Tank, Condenser 

Water Tank and Convection Radiator. 

2.1. Measurement System  

K-type thermocouples were used to measure all water temperatures reported as well as the ambient air 

temperatures around the experimental rig and were recorded using a thermocouple data logger (PicoTech TC-

08) at 1 Hz. The surface temperature of the PV surface was measured using the FLIR T640 thermal imaging 

camera. The voltage of the heat pump, water pumps and PV panel were measured using differential 

oscilloscope probes (PicoConnect 442) and recorded using an oscilloscope (PicoScope 4444) at 1 MHz. The 

heat pump and water pump currents were measured using current clamps (PicoTech TA018 60A) and recorded 

using an oscilloscope (PicoScope 2204A) at 1 MHz. The reported flow rates were measured using an 

electromagnetic flowmeter (ifm SM7000). The reported irradiances were measured using a photometer (RS 

Pro ISM400). The associated measurement uncertainties are given in Table 1. 

 
Table 1. Measurement Uncertainties. 

Measured Parameter Measurement Device Measurement Uncertainty 

Water Temperature K-type thermocouple ±0.2% measured value 

Air temperature K-type thermocouple ±0.2% measured value 

PV Surface Temperature Thermal Imaging Camera ±2% (at 25°C) 

Voltage Differential Oscilloscope Probe ±2% measured value 

Current Current Probes (Clamps) ±2% measured value 

Water Flow Rate Electromagnetic Flow Meter ±2% measured value 

Irradiance Photometer ±5% measured value 

3. Experimental Method and Operation  

The tests were carried out over a one-hour operation time when the system had reached a cyclical condition 

(i.e. short cycling). The cyclical operation is due to the mismatch in the power of the heat pump and the thermal 

energy supplied by the PVT. The compressor is programmed to shut off (enter off-cycle) when the water 

entering the evaporator reaches 8oC. The compressor will then turn back on once the water entering the 

evaporator reaches 10oC. It should be noted that the water continues to flow through the evaporator and the 

condenser whether the compressor is switched on or off, so too does the fan operate in the convection radiator 

when the compressor shuts off. 

3.1. Performance Metrics 

The performance of the system was evaluated using measured data (such as temperature) as well as 

calculated metrics using Eqs. (1-7) listed in Table 2.  
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Table 2. Calculated Performance Metric Equations. 

Performance Metric Equation Used  

PVT Electrical Power Output 𝑃𝑒𝑙𝑒𝑐 = 𝑈𝐼 
 

(1) 

Heat Pump Compressor Electrical 

Power Consumption �̅�𝑘 =  
1

Δ𝑡
∫ 𝑈 𝐼 𝑑𝑡

𝑡2

𝑡1

 

 

(2) 

Condenser Heat Output �̇�𝑐 = �̇�𝐶𝑝(𝑇1 − 𝑇2)   
 

(3) 

Total Condenser Heat Output 

𝑄𝑐 = ∫ 𝑄�̇�  𝑑𝑡
𝑡2

𝑡1

  

 

(4) 

PVT Electrical Efficiency 

𝜂𝑒𝑙𝑒𝑐 =  
�̅�𝑒𝑙𝑒𝑐

𝐼𝐴
 

 

(5) 

Instantaneous Heat Pump Coefficient 

of Performance (COP) 𝐶𝑂𝑃𝐻𝑃 =  
�̅�𝑐

�̅�𝑘

 

 

(6) 

Instantaneous IEPVT/HP System 

Coefficient of Performance (COP) 𝐶𝑂𝑃𝑠𝑦𝑠𝑡𝑒𝑚 =  
�̇�𝑐 + �̅�𝑒𝑙𝑒𝑐

�̅�𝑘 + �̅�𝑝𝑢𝑚𝑝𝑠 + �̅�𝑟𝑎𝑑.𝑓𝑎𝑛

 

 

(7) 

4. Results and Discussion 

In this Section, the results from the experimental operation of the IEPVT/HP rig described and pictured in 

Section 2 are given. The results show the variations due to changing solar irradiance. The influence on the 

PVT and PVT water tank temperature is detailed, as well as the electricity production, thermal performance of 

the heat pump, and performance of the IEPVT/HP system overall. The results include an initial assessment of 

the uncooled PV under multiple irradiances. Section 4.1 highlights the results for the entire system under 

operation under multiple solar irradiances.  

The results given in Table 3 are for the uncooled PVT module. The PV surface was exposed for an extended 

period of time to an irradiance of 250 W/m2, 450 W/m2 and 650 W/m2.  

 
Table 3. Results for Uncooled PV Surface. 

Irradiance (W/m2) PV Surface Temperature 

(°C) 

Electricity Production (W) Electrical Efficiency (%) 

250 47.3 17 5.1 

450 63.3 27 4.5 

650 70.4 35 4.0 

 

Table 3 shows a non-linear increase in the PV temperature as irradiance increases. The PV temperature 

increases by 33.8% between 250 W/m2 and 450 W/m2, however the PV temperature only increases by 9.7% 

between 450 W/m2 and 650 W/m2. The electricity produced also demonstrates a non-linear increase with 

irradiance increase. The electricity production increases by 58.8% from 250 W/m2 to 450 W/m2, while the 

electricity production only increases by 22.9% from 450 W/m2 to 650 W/m2. Hence, there is a connection 

between the PV temperature and the electricity produced by the PV panel. Table 3 also show a decrease in 

electrical efficiency as PV temperature rises. A 58.8% increase in PV temperature between 250 W/m2 and 450 

W/m2 correlates to a 11.8% decrease in electrical efficiency while a 22.9 % increase in PV temperature between 

450 W/m2 and 650 W/m2 correlates to a 11.1% decrease in electrical efficiency. This experimentally 

demonstrates the loss of electrical efficiency in the PV panel as the PV surface temperature increases. 

4.1. IEPVT/HP System Solar Irradiance Results 

The results given in this subsection compare the IEPVT/HP system for different irradiances of 250 W/m2, 

450 W/m2 and 650 W/m2. In these experimental tests, the volumetric flow rate (�̇�) is kept at 17.3 l/min and the 

water volume (𝑉) in the PVT water tank was kept at 75 litres. Fig. 4 shows the PV surface temperature 

demonstrating that the IEPVT/HP system can successfully cool of the PV surface. The broken lines represent 
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the uncooled PV surface temperature, whilst the solid lines represent the PV surface temperature as the PVT 

module is being cooled. The figure shows that the system cools the PV surface at 250 W/m2, 450 W/m2 and 

650 W/m2 by 47 %, 44 % and 38 % respectively. Fig. 4 also shows an increase in the PV surface temperature 

cooling as solar irradiance increases. The maximum cooling difference occurs at 650 W/m2 where there is a 

temperature reduction of approximately 33oC, while the minimum cooling difference occurs at 450 W/m2 

where the temperature is reduced by approximately 18oC.  

Fig. 5 shows the water temperature before it enters the PVT module in broken lines and the water 

temperature at the exit of the PVT module in solid lines. The 650 W/m2 experimental run shows an exit water 

temperature that is 0.3oC higher than the 450 W/m2 experimental run and 0.5oC higher than the 250 W/m2 

experimental run. This is an expected result as the higher irradiance provides more energy per unit area that is 

converted into heat, thus causing the water temperature to rise more rapidly as it passes through the PVT 

module than lower irradiances. This is also evident by the larger temperature gap between the PVT module 

inlet water temperature and the exit water temperature for the 650 W/m2 case in comparison to the 450 W/m2 

and 250 W/m2 cases. This experimentally demonstrates the increasing rate of water heating through the PVT 

module as the irradiance increases. Furthermore, Fig. 5 shows the effect of the system’s short cycling on the 

water temperature difference through the PVT module for varying irradiances. As irradiance increases, the 

frequency of the operating cycles increases. The cooling sections of the cycle (negative gradients) are parallel 

between the different irradiances signifying a similar rate of cooling. However, the heating section of the cycle 

shows a gradient increase as irradiance increases, signifying an increase in the rate of heat absorption as 

irradiance increases. This means the system reaches the temperature required for the heat pump to turn on in 

shorter amounts of time as irradiance increases, thus increasing the frequency of short cycling in the system. 

 

  

Fig. 4. PV Surface Temperature over Operation Time for Multiple 

Solar Irradiances with �̇� = 17.3 𝑙/𝑚𝑖𝑛 and 𝑉 = 75 𝑙𝑖𝑡𝑟𝑒𝑠. 

Fig. 5. PVT Module Temperature Difference over Time for 

Multiple PVT Irradiances with �̇� = 17.3 𝑙/𝑚𝑖𝑛  and 𝑉 =

75 𝑙𝑖𝑡𝑟𝑒𝑠. 

 

Fig. 6 shows the change in the PVT water tank temperature over the operation of the IEPVT/HP system. 

The PVT water tank temperature experiences similar effects due to short cycling as the water flowing through 

the PVT. The cycling effect seen in the PVT water tank temperature accounts for the effect seen in Fig. 5, 

since the PVT water tank is the source of the water entering the PVT module. The cooling section of the cycling 

(negative gradient) is parallel for changing irradiances, showing no change in the rate of heat absorption by 

the heat pump from the PVT water tank. The heating section of the cycling (positive gradient) shows the 

increase in the rate of heating from the PVT module, as the temperature gradient increases as irradiance 

increases. This increase in temperature gradient can also be linked to the higher water exit temperature from 

the PVT module at higher irradiances shown in Fig. 5. As there is higher water temperature leaving the PVT 

module and entering the PVT water tank, it is expected that the PVT water tank temperature would increase 

more rapidly as irradiance increases. Furthermore, Fig. 6 shows that the PVT water tank reaches a maximum 

temperature of 10oC and a minimum temperature of 8oC. This occurs as the heat pump is programmed to stop 

cooling when the water entering the evaporator drops below 8oC and to restart when the water entering the 

evaporator rises above 10oC. This prevents the evaporator from freezing due to cooling the water to its freezing 

point. 
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Fig. 7 shows the electrical power output of the cooled PV panel, calculated using Eq. (1) in Table 2, for 

multiple irradiances. The highest electrical output is ~40 W for 650 W/m2 irradiance, followed by ~31 W for 

450 W/m2, with the lowest value of ~21W for 250 W/m2. This shows a near linear increase in power output 

with a linear increase in the irradiance. This increase in electricity generated is expected, as there is more 

energy to convert with increased irradiance. 

   

  

Fig. 6. PVT Water Tank Temperature over Time for Multiple 

PVT Irradiances with �̇� = 17.3 𝑙/𝑚𝑖𝑛 and 𝑉 = 75 𝑙𝑖𝑡𝑟𝑒𝑠. 

Fig. 7. PV Electricity Production over Time for Multiple Solar 

Irradiances with �̇� = 17.3 𝑙/𝑚𝑖𝑛 and 𝑉 = 75 𝑙𝑖𝑡𝑟𝑒𝑠. 

 

Fig. 8 graphs the electrical efficiency of the PV panel, calculated using Eq. (5) in Table 2, at different 

irradiances, with the uncooled efficiencies in broken lines and the cooled efficiencies in solid lines. The figure 

shows that the system successfully increases the electrical efficiency of the PV panel by cooling it. The 250 

W/m2, 450 W/m2 and 650 W/m2 irradiance cases experience a 1.4 %, 0.8 % and 0.7 % increase in electrical 

efficiency, respectively. This corresponds to a 27.5 %, 17.8% and 17.5% increase respectively in the electrical 

power generated by the PV panel. Fig. 8 also shows a non-linear decrease in electrical efficiency as the solar 

irradiance increases. From 250 W/m2 to 450 W/m2 there is a 1.2 % reduction in efficiency in cooled operation 

and 0.6 % reduction in uncooled operation. Also, from 450 W/m2 to 650 W/m2 there is a 0.6% reduction in 

efficiency in cooled operation and 0.5% reduction in uncooled operation. It is known that as the PV surface 

temperature increases, electrical efficiency decreases, and this is the case as seen in Fig. 4. Thus, it is expected 

that the electrical efficiency decreases with increasing irradiance despite the linear increase in power output 

with irradiance shown in Fig. 7. 

Fig. 9 represents the heat output from the condenser of the heat pump, calculated using Eq. (3) in Table 2, 

for different irradiances over the operation of the system. For 650 W/m2 irradiance, the highest heat output 

peaks at ~8 kW, while 450 W/m2 and 250 W/m2 cases had peak heat outputs about 7.5 kW and 7 kW, 

respectively. This is due to greater amounts of heat being absorbed by the PVT module into the IEPVT/HP 

system and used by the heat pump as the energy source increases in intensity. Fig. 9 also shows that in periods 

when the heat pump stops, the heat output of the condenser drops to negative values for the 250 W/m2 

irradiance. This is because the condenser absorbs the heat from the water passing through it and the evaporator 

releasing heat to the water passing through it. This occurs as the thermal expansion valve in the heat pump is 

mechanical. Thus, when the compressor shuts down, the valve is still operating, allowing the hot high-pressure 

refrigerant into the cooler low-pressure side. This causes the high-pressure side to drop in pressure and cool to 

temperatures lower than the water flowing through the condenser heat exchanger. This reversed temperature 

difference causes heat to transfer from the water to the refrigerant. The increased pressure on the low-pressure 

side causes the refrigerant to increase in temperature beyond the temperature of the water passing through the 

evaporator. This causes heat to be transferred from the refrigerant to the water. The revered heat flow through 

the condenser causes the condenser heat output (�̅�𝑐) to become negative. This phenomenon is also seen in the 

2012 EA Technology report for the Department of Energy and Climate Change (DECC) [29].  
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Fig. 8. PV Electricity Efficiency over Time for Multiple Solar 

Irradiances with �̇� = 17.3 𝑙/𝑚𝑖𝑛 and 𝑉 = 75 𝑙𝑖𝑡𝑟𝑒𝑠. 

Fig. 9. Heat Pump Heat Output over Time for Multiple Solar 

Irradiances with �̇� = 17.3 𝑙/𝑚𝑖𝑛 and 𝑉 = 75 𝑙𝑖𝑡𝑟𝑒𝑠. 

 

Fig. 10 represents the instantaneous coefficient of performance (COP) of the heat pump during the operation 

of the IEPVT/HP system, calculated using Eq. (6) in Table 2. For solar irradiances of 650 W/m2, 450 W/m2 

and 250 W/m2, COP values of 6.5, 6.1 and 5.5, respectively are achieved. These all exceed the heat pump 

manufacturer’s rating of 3. This only occurs when the heat pump is working. When the heat pump shuts off, 

the COP drops drastically. It is also seen in Fig. 10 that as the irradiance increases the cycling frequency of the 

heat pump increases. As previously stated, this is because the temperature in the PVT water tank rises faster at 

high irradiances, allowing the heat pump to restart in a shorter amount of time at higher irradiances.  

 

  

Fig. 10. Heat Pump Instantaneous COP over Time for Multiple 

Solar Irradiances with �̇� = 17.25 𝑙/𝑚𝑖𝑛 and 𝑉 = 75 𝑙𝑖𝑡𝑟𝑒𝑠. 

Fig. 11. IEPVT/HP System Instantaneous COP over Time for 

Multiple Solar Irradiances with �̇� = 17.3 𝑙/𝑚𝑖𝑛  and 𝑉 =

75 𝑙𝑖𝑡𝑟𝑒𝑠. 

 

Fig. 11 represents the instantaneous coefficient of performance (COP) of the entire IEPVT/HP system, 

calculated using Eq. (7) in Table 2, over operation time of the system, calculated using Eq. (7) in Table 2. The 

IEPVT/HP system COP is very similar to the heat pump COP in Fig. 10, however, this COP accounts for the 

work of the radiator fan and water pumps in the system. This account for all the work put into the system in 

the denominator for the calculation of the COP, thus causing the COP value of the system to scale down in 

comparison to Fig. 10. It should be noted that the IEPVT/HP system COP also includes the electrical power 

produced by the PV panel in its numerator as it is energy generated by the system. Though the amount of 

electricity produced in this single panel system is comparatively small to the heat pump and water pump power 

consumptions. Despite this, the system still obtains a higher COP than that given by the manufacturer for the 

heat pump alone. 

Table 4 shows the total condenser heat output from the heat pump, calculated using Eq. (4) in Table 2, for 

the different irradiances. The total heat output of the heat pump at 650 W/m2 is more than twice that of the 250 

W/m2 case at 8340 kJ and 3814 kJ respectively. This is because the 650 W/m2 case had higher heat output 
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peaks, as indicated in Fig. 9, and the increase in cycling frequency which allowed more compressor work input 

to the system. 

 
Table 4. Total Heat Output and Time Averaged COP for Different Irradiances 

Irradiance (W/m2) Total Condenser Heat Output (kJ) 

250 3814 

450 6566 

650 8340 

5. Further Discussion and Conclusions 

In this work, the performance characteristics of an indirect expansion photovoltaic thermal heat pump 

(IEPVT/HP) system was experimentally analysed under short cycling conditions. The study focused on the 

impact of solar irradiance on the system. The solar irradiance represented a parameter that is dictated by the 

environment and location. The experimental results provided evidence for the system’s viability and successful 

operation. However, it also highlighted the impact of the low heat supply and intermittent operation (short 

cycling) on the system performance. The main findings of this work are as follows:  

 The IEPVT/HP system successfully cools the PV surface by as much as 33oC under 650 W/m2 

irradiance. Thus, leading to a measured electrical efficiency saving of 0.7%, corresponding to a 

17.5% increase in the electrical power output. The system also successfully achieves COP values 

above the manufacturer given values when the heat pump compressor is operational. The heat 

pump COP varies between 5 and 7 for different irradiances, in comparison to the manufacturer 

rated COP of 3. The total IEPVT/HP system COP also reflects a higher value than the manufacturer 

given 3 as the IEPVT/HP system COP reaches between 4 and 5 during heat pump compressor 

operation.   

 The study shows that there is a significant temperature reduction by up to 47% in the PV surface 

temperature as the PVT is cooled using the IEPVT/HP system. The influence of which also doubles 

the electrical output between the irradiances of 250 W/m2 and 650 W/m2. This doubling effect is 

not replicated in the electrical efficiency as the 250 W/m2 case produces an electrical efficiency of 

6.5% in comparison to the 650 W/m2 case that produced 4.7%, representing a 1.8% reduction. 

Increased solar irradiance also had significant effect on the heat pump, increasing the COP peak 

values and the rate at which short cycling occurred. This leads to a system heat output of 8340 kJ 

at 650 W/m2 compared to 3814 kJ at 250 W/m2. 
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