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ABSTRACT 

The wide uses of solar energy technology (solar thermal collector, 

photovoltaic and heat pump systems) have been known for centuries. 

These technologies are intended to supply domestic hot water and 

electricity. However, these technologies still face some barriers along 

with fast development. In this regards, the hybrid energy system 

combines two or more alternative technologies to help to increase the 

total efficiency of the system. Solar assisted heat pump systems (SAHP) 

and photovoltaic/thermal collector heat pump systems (PV/T-HP) are 

hybrid systems that convert solar radiation to thermal energy and 

electricity, respectively. Furthermore, they absorb heat first, and then 

release heat in the condenser for domestic heating and cooling.   

The research initially investigates the thermal performance of novel solar 

collector panels. The experimental results indicate an average daily 

efficiency ranging from 0.75 to 0.96 with an average of 0.83. Compared 

with other types of solar collectors, the average daily efficiency of novel 

solar thermal collectors is the highest.  

The research work further focuses on the integrated system which 

combines solar collector and air source heat pump (ASHP). The 

individual components, configurations and layout of the system are 

illustrated. Theoretical analysis is conducted to investigate 

thermodynamic cycle and heat transfer contained in the hybrid system. 

Laboratory tests are used to gauge the thermal performance of the novel 

SAHP. A comparison is made between the modelling and testing results, 

and the reasons for error formation are analysed.  
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The research then considers the specially designed PV/T collector that 

employs the refrigerant R134a for cooling of PV modules and utilizes the 

glass vacuum tubes for reducing the heat loss to the ambient air. The 

PV/T collector consists of 6 glass vacuum tube-PV module-aluminium 

sheet-copper tube (GPAC) sandwiches which are connected in series. 

The theoretical analysis and experimental tests all give the satisfactory 

results of up to 2.9% improvement of electrical efficiency compared with 

those without cooling. 

The research finally focuses on the integrated heat pump system where 

the PV/T collector acts as evaporator. Based on the energy balance of 

the four main components of the heat pump system, a mathematical 

model of the heat pump system is presented. When the instantaneous 

ambient temperature and solar radiation are provided, results are 

obtained for the spatial distributions of refrigerant conditions, which 

include temperature, pressure, vapour quality and enthalpy. Detailed 

experimental studies are carried out in a laboratory. Three testing 

modes are proposed to investigate the effect of solar radiation, 

condenser water flow rate and condenser water supply temperature on 

energy performance. The testing results show that an average 

coefficient of performance (COP) reached 3.8,4.3 and 4.0 under the 

three testing modes with variable radiation, condenser water supply 

water temperature and water flow rate, respectively. However, this could 

be much higher for a large capacity heat pump system using large PV 

panels on building roofs. The COP increases with the increasing solar 

radiation, but decreases as the condenser water supply temperature and 

water flow rate increases. 
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Chapter 1 Introduction 

1.1 Statement of Problem 

Along with fast economic development, the world is facing huge 

pressure on energy supplement, environmental pollution and 

consequences of climate change. The Renewable Energy Law of the 

People’s Republic of China provided legal guarantee for the purpose of 

promoting the development and utilization of renewable energy in order 

to protect the environment and realize a sustainable economic and 

social developments on January 1, 2006 (Renewable Energy Law, 

2006). The statistics show that the building sector (22% of residential 

and 19% of commercial) accounts for over 40% of the total energy 

requirements (Motte et al. 2013). It is a key sector to develop renewable 

energy and strives to make better use of existing energy. 

The rapid increase in energy consumption by building sectors is mainly 

devoted to space heating (26.5%), followed by electrical consumption 

(20%), space cooling (15.8%) and water heating (13.2%). It is thus very 

important to take effective ways to minimize the needs of energy use in 

buildings, especially for heating and cooling, and adopt renewable 

energy and other technologies to meet the remaining energy needs (Li, 

Yang & Lam, 2013). 

There are various strategies that should be attempted to develop 

alternative energy sources for major energy demands, such as a greater 

share of solar energy in residential building loads. However, each 

system has its own advantages and limitations. In this project, a hybrid 

energy system combined with two or more alternative technologies will 

help to increase the total efficiency of the system. Therefore, creating 
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highly efficient methods for space heating and cooling, domestic hot 

water supply as well as electricity, present a distinct set of infrastructural 

challenges to the industry as this is a demanding objective requiring 

innovation. 

All of the world’s energy forms as we know are solar in origin. The 

reduction of greenhouse gases pollution is the main advantage of 

utilizing solar energy. The wide applications of solar energy are solar 

thermal technology and photovoltaic (PV) technology.  

Solar thermal technologies on the market today are efficient and highly 

reliable. Most of the systems are intended to supply domestic hot water. 

However, solar thermal technologies still face some barriers alongside 

fast development. At first, buyers and building occupants pay much 

more attention to the comfort, performance and energy cost of the 

buildings. It means not only domestic hot water supply is needed, but 

also space heating and cooling. Because solar radiation is relatively low 

and heat requirements are quite large in winter, using solar thermal 

technology for space heating is hard to achieve. Secondly, more and 

more high-rise residential buildings are constructed with the developing 

urbanization in China. Due to the increasing household numbers, the 

amount of heat requirement is increasing as well. Then, limited roof 

space is another key barrier. Therefore, it is necessary to design a novel 

type of solar collector which could supply domestic hot water as well as 

space heating and cooling. Meanwhile, it could be integrated with 

building sectors such as a parapet on the balcony. 

Solar energy also can be used to generate electricity by photovoltaic (PV) 

modules. Unfortunately, photovoltaic modules have low efficiency, which 

converts solar radiation to electricity with the efficiencies in the range of 
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5% to 20%, depending on the type of solar cell, radiation level and cell 

temperature. In addition, many studies were carried out to investigate 

the effect of PV cell temperature on the electrical efficiency of PV 

modules and discovered that the electricity generating efficiency of solar 

cells decreased with the rise in the operating temperature. To harness 

the available PV technology effectively, the reduction of PV cell 

temperature is especially necessary. 

In the field of thermal energy generation, heat pumps are advantageous 

due to high performance, low energy costs and environmental benefits. 

The most popular heat pumps which are used for space heating and 

domestic hot water supply are ground source heat pumps (GSHP) and 

ASHP. Traditionally, the COP of GSHP can be more than 3.0. However, 

the disadvantages of GSHP are the high cost of drilling boreholes and 

need for land for the installation of ground heat exchanger loops. A 

typical ASHP has a COP of 2.0 to 3.0 at the beginning of the heating 

season and then decreases gradually due to freezing of the outdoor heat 

exchanger. Air source has found renewed favour as an effective heat 

source although frost can form on the evaporator coils in winter limiting 

the usage. To address these drawbacks by developing a higher 

performance of heat pumps, design of a novel type of evaporator should 

be necessary. 

1.2 Objective and Scope of Project 

In order to tackle the above problems, a novel solar thermal collector, a 

novel evaporator for PV/T heat pump system and a novel SAHP are 

independent proposed. Therefore, the overall objectives and targeted 

unique outcomes of this research are: 
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 Aesthetic. Architectural integration is a major factor when employing 

solar collectors or PVs for domestic usage. Unfortunately, most solar 

collectors are installed on the roof top using flat or pitched methods, 

which is a bad integration of being less visible and having minor 

architectural impact. In this project, it is achieved through 

development and validation of a novel solar thermal collector which 

integrates with a parapet placed on a balcony and requires no 

additional water tank. 

 Efficiency. Due to the barriers of ASHP and PV module, in this 

project, focus on increasing the evaporator temperature and 

decreasing the PV module temperature. In this project, it is achieved 

through development and validation of novel photovoltaic/thermal 

(PV/T) heat pump evaporator, which uses Direct Expansion (DX) 

vacuum tubes to cool the solar cells. 

 Multi-function. Nowadays, solar collectors, and heat pump systems 

are intended to supply domestic hot water, space heating and 

cooling, respectively. In this project, it is achieved through 

development and validation of novel SAHP system, which supplies 

domestic hot water for one whole year, space heating in winter and 

cooling in the summer.  

1.2.1 Scopes 

In order to successfully meet the above targets, the scope of the project 

is divided into four separate areas: 

 Review of past work on solar collectors, PV modules and SAHP 

technologies.  

 Theoretical and experimental investigation of the performances of 

solar collector and PV/T. 
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 Theoretical and experimental investigation of the performances of 

photovoltaic/thermal heat pump (PV/T-HP) and SAHP. 

 Validation of the theoretical results findings with experimental 

results.  

 Discussion of the technical and environmental benefits of the novel 

systems. 

1.3 Novelty and Timeliness of Project 

This project has the following novelty aspects: 

 The use of solar collectors which can be architecturally integrated 

with high-rise residential building sectors without water tanks. 

 The use of PV/T collector/evaporator which can effectively achieve 

better cooling effect and better electrical performance of PV 

modules.  

 The use of PV/T-HPs which can effectively collect heat at a low 

temperature (when the atmosphere in winter is about -5oC) with no 

frost and provide PV/T-HP for satisfying heating requirements.  

 The use of traditional ASHP as high efficiency heat transfer device 

incorporates in the solar collector panel to design multi-functional 

SAHP which is proposed to operate all year round. 

The project is timely in view of the Republic of China government’s 

commitment to reduce CO2 emissions by 40%~50% by 2020 compared 

to 2005 (Communities and Local Government, 2009). The novel solar 

thermal collectors are expected to contribute to wide usage in high-rise 

residential buildings. In addition, the novel heat pump systems present 

an excellent opportunity to expand the market for space heating and 

cooling as well as domestic hot water supply for heat pumps. Finally, the 
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novel heat pump systems are expected to give rise to significant 

economic and environmental benefits. 

1.4 Methodology Approach 

The project work involves the following stages: 

Stage 1: Literature Review 

A literature review is conducted to collect relevant information on the use 

of solar thermal and PV/T collector panels as evaporators for heat pump 

systems and summarises previously published theory that is crucial to 

understanding this project. 

Stage 2: Mathematical Modelling/Thermodynamic Analysis 

Mathematical modelling is used to evaluate the performance of the 

systems in various ways and under different operating conditions 

including different radiation levels. The sensitivity analysis of the effects 

of the physical characteristic of the collector/evaporator on the efficiency 

of the system is also investigated.  

Stage 3: Testing Using Small-Scale Rig in the laboratory 

Small-scale test rigs are designed and constructed to test the 

performance of the novel systems. Results are compared with those 

obtained by mathematical modelling. Systems under various solar 

radiations are tested in a rig to determine the optimum performances. 

1.5 Structure of Thesis 

This thesis is composed of six chapters. Figure 1.1 illustrates the link 

between chapters and the plan of the thesis. 
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Figure 1. 1 Thesis structure 

The six chapters involve the following: 

The first chapter covers the introduction of the project driving forces. 

The project objectives, scopes are detailed. The methods of approach to 

meet various objectives are also given in this chapter. 

The second chapter summarises previously published concept and 

theory that is crucial to understanding this project. It also provides a brief 

review of the various studies and the state of art heat pump technologies 

and solar thermal technologies relevant to this work.  

The third chapter describes the design of novel solar thermal collectors 

and PV/T collectors, and analyses design specifications. It also shows 

the mathematical model and experimental analysis of these systems. 

Furthermore, it evaluates the performance of the system in various ways 

and under different operating conditions. 
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The fourth chapter presents mathematical models and experimental 

performance analysis of the DX-PV/T-HP. It also evaluates the 

performance of the system in various ways and under different operating 

conditions. The sensitivity analysis of the effects of physical 

characteristics of the PV/T evaporator on the COP of PV/T-HP is also 

given. 

The fifth chapter presents the experimental set up of a SAHP and 

analyses design specifications of the main five components which made 

the loop of refrigerant circuit of the experimental rig. It also presents the 

mathematical model and experimental analysis of SAHP system. 

Furthermore, it evaluates the performance of the system in various ways 

and under different operating conditions. The sensitivity analysis of the 

effects of the physical characteristic on the COP of SAHP is also given.  

The sixth chapter gives a general discussion. The conclusions are 

based on the theoretical and experimental investigation. It also suggests 

further works.  
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Chapter 2 Literature Review 

2.1 Introduction 

This chapter reviews existing relevant research work and provides an 

in-depth understanding of the different technologies used. The purpose 

of the review is to identify key points in each technology that affect their 

performance in order to achieve the best possible integration between 

them. 

In section 2.2, a survey of the various types of solar thermal collector 

and applications is presented. An introduction into the use of solar 

energy is attempted via a description of flat plate collector. It is followed 

by thermal and thermodynamic analysis of the collectors. Typical 

applications of the collector are presented in order to show the extent of 

their applicability. 

Work in Section 2.3 begins with the basic principles underlining the PV 

technology. The performance of photovoltaic modules and the 

temperature effect on the performance of PVs are presented. In addition, 

a review of the available literature on PV/T collectors is presented.  

Section 2.4 introduces the basic principles of heat pumps. An overview 

of heat pump structures, operations and limitations are analysed. In 

addition, different types of heat pump are investigated the performance 

in accordance with their structure, shape and working fluid.  

2.2 Solar Thermal Collector 

Solar thermal collector, acts as a special kind of heat exchanger, 

converts solar radiation energy into useful thermal energy and transfers 
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to a transport fluid (usually air, water, or oil) flowing through the system. 

The collected energy can be used either direct to space or water heating 

equipment, or to a thermal storage tank. Based on the heat temperature 

requirement, solar thermal collectors can be classified into 

non-concentrating collectors (less than 100oC) and concentrating 

collectors (250oC -2500oC). Normally, in order to provide space heating 

and hot water supplement (less than 100oC), non-concentrating solar 

collectors are generally employed, which include flat plate collectors and 

evacuated tube collectors.  

2.2.1 Flat Plate Collector 

A typical flat plate solar collector is shown in Figure 2.1. It consists of an 

insulated metal box, transparent cover, absorber plate, and recuperating 

tubes filled with heat transfer fluids and other auxiliaries 

(http://www.greenspec.co.uk/solar-collectors.php). According to flat 

plate collectors, transparent glazing and absorber plate are important 

components that should be considered when designing novel types of 

collectors.  

 

http://www.greenspec.co.uk/solar-collectors.php
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Figure 2. 1 Expanded view of a flat plate solar collector 

(http://www.greenspec.co.uk/solar-collectors.php) 

The transparent cover is used to reduce convection losses from the 

absorber plate and irradiation losses from the collector, and that should 

be high transmittance for short wave radiation and low transmittance for 

long wave radiation. Single or multiple sheets of glass have been widely 

used. Various prototypes of transparent insulated flat plate collectors 

have been built and tested in the last decades (Spate, 1999; Scheweiger, 

1997).  

Colour and surface type should be considered when designing the 

absorber plate. Commonly, black colour is used in the collector plate to 

absorb as much of the radiation as possible. In addition, selective 

surface is particularly important when the temperature of collector 

surface is much higher than the ambient temperature. Typically, 

selective surfaces consist of a thin upper layer and a thin lower layer. 

Thin upper layer is highly absorbent to shortwave radiation but relatively 

transparent to long wave thermal radiation and thin lower layer is highly 

reflective and low emitting tor long wave radiation.  

A number of absorber plate designs focused on the good thermal bond 

between tubes and absorber plates without incurring excessive costs for 

labor or materials. Material most frequently used for absorber plates are 

copper, aluminium and stainless steel. Some studies suggested the 

modifications in the design and air movement in solar air collectors, as 

shown in Figure 2.2. Figure 2.2 (1) shows the counteraction of the low 

heat transfer coefficient between metal and air. Figure 2.2 (2) and (3) 

shows use of metal or fabric matrices, or thin corrugated metal sheets as 

selective surface. In addition, Figure 2.2 (4)-(8) shows the use of finned, 

http://www.greenspec.co.uk/solar-collectors.php
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corrugated absorbers and multiple pass air flow configurations to require 

high level of performance (Yong and Taebeom, 2007).  

For fluid heating solar collectors, there are a number of absorber plate 

designs are shown in Figure 2.3. Referring to Figure 2.3 (1), it shows a 

bonded sheet design, in which the transfer fluids are integrated with the 

plate to make good thermal conduct between the metal and fluid. Figure 

2.3 (2) and (3) show the fluid in copper tubes is lower and upper the 

plate surface, respectively. Referring to Figure 2.3 (4), it shows the fluid 

in extruded rectangular tubes, which allows a larger heat transfer area 

between tube and plate (Yong and Taebeom, 2007).   

  

Figure 2.2 Selected proposed and commercial design of solar air 

heaters (Yong and Taebeom, 2007) 
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Figure 2.3 Selected proposed and commercial designs of solar liquid 

collectors (Yong and Taebeom, 2007) 

2.2.2 Thermal Analysis of Collectors 

The basic parameter to consider for a collector is thermal efficiency. It is 

defined as the ratio of the useful energy extracted from the fluid passing 

the collector to the energy incident on the collector aperture. The 

incident solar flux consists of direct and diffuse solar radiation. The 

efficiency of solar collector depends on the design of the collector and 

on the system of which the collector is a part. Table 2.1 summarises the 

thermal efficiencies and heat loss coefficients of different types of 

collector (www.solarserver.de).  
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Table 2.1 Different collector types thermal efficiency and thermal loss 

coefficient (www.solarserver.de) 

Type of collector 
Thermal 

efficiency 

Heat loss coefficient 

(W/m2 oC) 

Temperature 

range (oC) 

Uncovered absorber 0.82~0.90 10~30 Up to 40 

Flat plate 0.66~0.83 2.9~5.3 20~80 

Evacuated tube 0.62~0.84 0.7~2 50~120 

Air collector 0.75~0.90 8~30 20~50 

The thermal performance of collector is determined by the variables of 

incident radiation, ambient temperature, and inlet fluid temperature 

(ASHERAE Standard 93, 1986). It requires experimental measurements 

under the steady state or quasi-steady-state conditions. The best way to 

accomplish this is to identify the expected range of the 

parameter     ⁄ for the load and climate on a plot of efficiency    as a 

function of the heat loss parameters indicated in Figure 2.4 (Kalogirou, 

2004). 

 

Figure 2.4 Collector efficiencies of various liquid collectors (Kalogirou, 

2004) 
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2.2.3 Solar Collector Applications 

Solar collectors have commonly been used in solar water heating 

systems and solar space heating systems. Solar water heating systems 

can be either active or passive. The most common is active systems. 

Active solar water heaters rely on electric pumps and controllers to 

circulate water through the collectors. There are two types of active solar 

water heating systems (direct and indirect) shown in Figure 2.5. Direct 

circulation system uses pumps to circulate pressurized potable water 

directly through the collectors. The system is appropriate in areas which 

do not freeze for long periods and do not have hard or acidic water. 

Indirect circulation system pumps transfer fluids through collector. Heat 

exchanger transfers the heat from the fluid to the potable water 

(Southface, 2007) 

Figure 2.5 Direct and indirect solar water heating systems (Southface, 

2007) 

Passive solar water heater relies on gravity and tendency for water to 

naturally circulate as it is heated. Because the system contains no 

electrical components, passive system is generally more reliable, easier 

to maintain, and possibly has a longer work life than active system. Two 

common types of passive system are shown in Figure 2.6. Integral 



 Chapter 2 Literature Review 

16 

 

collector storage system consists of one or more storage tanks placed in 

an insulated box with a glazed side facing the sun which is suited for 

areas where temperatures rarely go below freezing. Thermo-syphon 

system is an economical and reliable choice. It relies on the natural 

convection of warm water rising to circulate water through the collectors 

and to the tank (located above the collector). As water in the solar 

collector heater, it becomes lighter and rises naturally into the tank 

above. Meanwhile, the cooler water flows down the pipes to the bottom 

of the collector, enhancing the circulation. 

Solar space heating can be either liquid based system or air based 

systems. Solar liquid collectors are same with solar water heater 

systems. Air based systems circulate air through the solar collector with 

fans.  

     

Figure 2.6 Passive and active solar water heating systems (Southface, 

2007) 

2.2.4 Architecture Design of Building Integrated Solar Collector 

At present, most of the building integration of solar thermal systems is 

mounted on the roof top at a flat or tilted angle. However, Maria and 

Christian (2007) showed the classic roof integration is considered to be 
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a failure because the collector is used only for thermal application, and 

seems as an independent technical element of the building (Figure 2.7). 

The awful roof with collectors and tanks are shown in Figure 2.8. It 

presents a low level of architectural quality (Herzog, 1999).  

In addition, along with fast development, high-rise residential building 

construction is growing rapidly in recent years. Due to the increased 

household numbers, the amount of heat required increases as well. 

Limited roof space restricts the collector installation. Bergmann (2002) 

presented that vertical use of collectors and showed the yearly 

distribution of solar radiation on vertical collector in Figure 2.9. It has 

better heat production distributed over the year in mid-latitudes although 

solar radiation gained of collector is less compared with tilt 45o from April 

to September (Considered the overheating in summer with tilt 45o) 

(Bergmann, 2002). Furthermore, it greatly increases the installation area 

because the building facades can be used. Some buildings have 

installed solar collectors on building facades, such as south facing walls 

(Figure 2.10) and parapets (Figure 2.11). Although the installation area 

is increased, the solar collector also seems as an independent technical 

element of the building and presents the low level of architectural quality. 

More importantly, the safety issue becomes the biggest problem when 

typhoons or rainstorms occur. 

In order to solve above problems, several researches have focused on 

solar heating systems integrated with building direction, especially for 

high-rise building sectors. Great integration of solar thermal collector into 

buildings should be considered the aesthetics and sustainability aspects, 

financial, technical and psychological obstacles (Nahar and Garg, 1980). 
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Figure 2.7 Application of roof integrated solar collector in building 

sectors (http://image.baidu.com/) 

 

Figure 2.8 Pictures of Solar collectors on the roof 

(http://image.baidu.com/) 

http://image.baidu.com/


 Chapter 2 Literature Review 

19 

 

 

Figure 2.9 Yearly distribution of solar radiation on vertical collector in 

Graz (Bergmann, 2002) 

 

     

Figure 2.10 Application of south wall integrated solar collector in 

building sectors (http://image.baidu.com/) 
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Figure 2.11 Application of parapet integrated solar collector in building 

sectors (http://image.baidu.com/) 

 
Figure 2.12 Application of roof integrated unglazed solar collector 

system (Maria and Christian, 2007) 

Maria and Christian (2007) and Maurer et al. (2012) summarised the 

integration guidelines on integration quality. It includes size and position 

of collector field, shape and size of the modules, type of jointing, 

collector material and surface texture and absorber colour. 
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Maria and Christian (2007) presented that the most appreciated roof 

integration systems are roof integrated unglazed solar collector systems, 

shown in Figure 2.12 and Figure 2.13, respectively.  

De Beijer (1998) developed a solar collector to replace the ridge tiles on 

building roofs. There are two tubes in this collector, one is assembled 

into the other, the inner tube serves as storage tank and the outer is the 

absorber. The space between the two tubes is a vacuum. Hassan and 

Beliveau (2007) designed an integrated roof solar collector to replace 

the roof ridge. Huang et al. (2008) developed the solar collector to 

replace the shutter. Canaletti et al. (2011) developed a solar collector to 

replace parapet or sun shading canopy of the building.  

Yang et al. (2012) introduced a new type of all ceramic flat plate solar 

collector made from ordinary ceramic and V-Ti black ceramic. This new 

type of collector replaces balcony railings and building roofs with the 

thermal efficiencies 47.1% and 50%, respectively. 

Figure 2.13 Application of roof integrated unglazed solar collector 

system in swimming pool (Maria and Christian, 2007) 
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Maurer et al. (2012) investigated transparent façade collectors to 

replace the balustrade for space heating and cooling. Air is used as the 

heat transfer medium in the inner tubes. The tubes have openings at 

both ends to allow for continuous horizontal flow with low pressure 

drops.  

In addition, Motte et al. (2013) presented a new concept of flat plate 

solar collectors integrated into a rainwater gutter in building sectors, 

shown in Figure 2.14. Figure 2.15 showed the structure of thermal solar 

module. The thermal module is composed of glass, an air layer, a highly 

selective absorber and an insulation layer. Cold fluid from the tank flows 

through the inferior insulated tubes, then in the upper tubes contact with 

the absorber to transfer heat.  

Maria and Christian (2007) presented that the best rating is balcony 

integration with the solar modules installed along the whole parapet area 

of upper stage centre, and are used as parapet external finishing, shown 

in Figure 2.16. The size and shape of the modules fit the grid and match 

the rhythm of façade. In addition, the followed ratings are solar wall 

integration (Figure 2.17) and solar cladding integration (Figure 2.18).  
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Figure 2.14 Flat plate solar collector integrate into a rainwater gutter 

(Motte et al., 2013) 

     

Figure 2.15 Thermal solar structure of the novel solar thermal collector 

(Motte et al., 2013) 
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Figure 2.16 Application of solar modules integrated with balcony 

(Maria and Christian, 2007) 

Figure 2.17 Application of solar wall integration in Canada (Maria and 

Christian, 2007) 
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Figure 2.18 Application of solar cladding integration (Maria and 

Christian, 2007) 

2.3 Photovoltaic  

2.3.1 Types of PV 

A typical silicon PV cell is comprised of a thin wafer consisting of an 

ultra-thin layer of phosphorus-doped (N-type) silicon on top of a thicker 

layer of boron-doped (P-type) silicon. An electrical field is created near 

the top surface of the cell where these two materials are in contact, 

called P-N junction (Florida solar energy centre, 2007). When light 

energy is applied to a PV cell, and when the sun shines on it, it gives the 

electrons enough energy to move across the p-n junction. There is an 

energy variation across the p-n junction called a potential difference or 

voltage. The existence of this voltage when a PV cell is exposed to light 
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is called the photovoltaic effect. If a circuit is made, via a cable to the 

electrical loads, the potential difference drives a current and the 

electrons can flow through the circuit (Florida solar energy centre, 2007). 

There are three basic types of photovoltaic cells, mono-crystalline cells, 

polycrystalline cells and amorphous cells. In addition, a number of other 

promising materials such as cadmium telluride (CdTe) and copper 

indium diselenide (CIS) are now being used for PV modules. Table 2.2 

shows the electrical efficiency for different PV cells taken from different 

manufacturers (Zondag, 2004). 

Table 2.2 Photovoltaic cell efficiencies (Zondag, 2004) 

Type of cell 

Range 

commercial 

module 

efficiency 

Producer 

highest 

performance 

modules 

Corresponding 

cell 

manufacturer 

Multicrystalline 

Si 
11~15% Sharp Sharp 

Monocrystalline 

Si 
10~17% Suntechnics Sun Power 

HIT cells 16~17% Sanyo Electric Sanyo Electric 

Ribbon & EFG 

cells 
12~13% Titan Energy RWE Schott 

a-Si 

(single junction) 
4~6% Mitsubishi 

Mitsubishi 

Heavy 

a-Si  

(triple junction) 
5~7% Sunset United Solar 

CIS 9~11% Worth Solar Worth Solar 

CdTe 6~9% First Solar First Solar 
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Figure 2.19 The chart of typical I-V measurement system (Ross, 

1980) 

2.3.2 PV Performance 

The performance of PV module is determined by short circuit current, 

open circuit voltage, maximum output power, fill factor and 

instantaneous efficiency. In common, short circuit current     and open 

circuit voltage    , and the maximum power point (    ) are the three 

main important parameters presented in I-V curve. The chart of typical 

I-V measurement system is shown in Figure 2.19 (Ross, 1980).  

The fill factor (FF) is indicated how ideal the diode properties are, and 

calculated by:  

   
    

      
 (Equation 2. 1) 

The PV module performance in terms of SRC is commonly expressed in 

terms of conversion efficiency. The PV module conversion efficiency η is 

defined as:  

  
    

    
 (Equation 2. 2) 
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Where      is the measured maximum PV power (W);   is the surface 

area of solar cell (m2);     and is the input solar radiation under SRE 

(W/m2). 

2.3.3 Factors Affecting Conversion Efficiency 

Photovoltaic (PV) technology has been widely used for generating 

electricity. However, PV modules have low solar to electricity conversion 

efficiency, less than 20% for commercial PV products. There are many 

factors that affect the performance of the PV which include the module 

encapsulating material, thermal dissipation and absorption of material, 

the maximum power point of module as well as the atmospheric 

parameter (solar radiation, ambient temperature, and wind speed). 

However, temperature is a major parameter that has great influence on 

the behaviours of the electrical efficiency of PV module, shown in Figure 

2.20 (Radziemska, 2002).  

  

Figure 2.20 Current-voltage characteristics of PV modules at 25oC and 

60oC under 830W/m2 (Radziemska, 2002) 

In common, nominal operating cell temperature (NOCT), which is 

defined as the mean solar cell junction temperature within an open rack 
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mounted module in standard reference environment (SRE), indicates 

the PV module temperature. NOCT is a reference of how the module will 

work when operating in real conditions. SRE is the standard test 

conditions of tilt angle at normal incident to the direct solar beam at local 

solar noon, total solar radiation of 800W/m2, ambient temperature of 2oC, 

wind velocity of 1m/s and nil electrical loading. 

In order to calculate the module temperature from the NOCT, using the 

equation that is presented by Ross (1980): 

                  
 

   
 (Equation 2. 3) 

The PV module efficiency depends on the linear relation on solar cell 

temperature was defined by Sandnes and Rekstad (2002): 

              (Equation 2. 1) 

Where    is the efficient when temperature is 25oC (       ). 

2.3.4 Photovoltaic/Thermal 

Many studies were carried out to investigate the effect of PV cell 

temperature on the electrical efficiency of PV modules. The results 

showed that the reduction of PV cell temperature would increase the 

electrical efficiency (Skoplaki and Palyvos, 2009). 

Researchers proposed using air and water as the working fluids to cool 

PV modules. The heat extracted from the PV modules by air and water 

was also used for space heating and domestic hot water supplement. 

Tonui et al. (2007) proposed a suspended thin flat metallic sheet at the 

middle or fins at the back wall of an air duct as heat transfer 

augmentations in an air cooled photovoltaic/thermal (PV/T) solar 

collector to improve its overall performance.  
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Kumar and Rosen (2011) investigated the performance of a double pass 

PV/T solar air heater with and without fins. The study showed that the 

extended fin area reduces the cell temperature considerably from 82oC 

to 66oC, which leads to a significant improvement on the electrical and 

thermal efficiencies.  

In New Delhi, Dubey et al. (2008) presented a theoretical and 

experimental investigation on a PV/T solar water heater with different PV 

module coverage on the absorber. The study indicated that there is a 

significant increase in the instantaneous efficiency from 33% to 64% due 

to increase in glazing area.  

He et al. (2011) found that the primary energy saving efficiency of a 

hybrid PV/T solar system under natural circulation of water is about 

60~75%, much higher than that of an individual PV plate and a 

traditional solar collector.  

Tiwari et al. (2006) carried out a performance evaluation of hybrid PV/T 

water/air heating system using four different configurations and found 

that an overall efficiency of the system for summer and winter conditions 

is about 65% and 77%, respectively. 

Chow et al. (2007) proposed a new design of thermal absorbers with flat 

box structure. They found that the new type collector has an annual 

average thermal efficiency of 38.1%. 

A new type of PV/T collector with dual heat extraction operation, either 

with water or with air circulation was developed by Tripanagnostopoulos 

(2007). Most of the above studies were using air and water for the 

cooling of PV modules and found water is better than air in terms of PV 

cooling and energy performance. A few studies proposed the direct 
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expansion flat plate PV evaporator heat pump system using a refrigerant 

for cooling PV modules, are shown the detail in next section. 

2.4 Heat Pump and Solar Assisted Heat Pump 

2.4.1 Heat Pump 

The heat pump application is expected to reduce energy consumption 

and CO2 emission. IEA Heat Pump Centre (2004) predicted that the 

electric heat pump requires less fuel than conventional boilers by about 

35 to 50%. The Energy White Paper (2003) presented the energy 

consumption in UK, 2003, as shown in Figure 2.21. It can be seen that 

44% of energy consumption can be supplied by heat pumps including 

hot water (8%), space heating (26%) and process use (10%). In addition, 

the total reduction of CO2 emission will attain 5.4% with heat pumps 

operated in the residential, commercial and industrial sectors (IEA Heat 

Pump Centre, 2004).  

  

Figure 2. 21 Energy Consumption in UK, 2002 (Energy White Paper, 

2003) 

Heat pump is a mechanical device. it uses electricity as external power 

to viable alternative recover heat from different sources to supply 
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heating energy, cooling energy and both. Because heat pump flexibility 

provides thermal energy at a required temperature in dependence on 

the demand all through a year, the device has found applications in a 

wide variety of areas. 

Heat pump system normally consists of four main components: 

evaporator, compressor, expansion valve and condenser in case of 

vapour compression type, shown in Figure 2.22. The heat pump system 

consists of two main loops which are refrigerant loop and loads loop, 

and are linked by the heat exchanger (condenser) (Herold et al., 1996).  

Referring to the refrigerant loop, it is a reverse of the Rankine cycle or 

the reverse of a Carnot cycle. The cycle of the refrigerant loop requires 

an electrical energy input (Win) to provide heat from low temperature 

side (QL) to high temperature side (QH) as the useful heat (Figure 2.23 

(a)). The four processes are illustrated by the Temperature-Entropy (T-s) 

diagram (Figure 2.23 (b)) and Pressure-Enthalpy (P-h) diagram (Figure 

2.23 (c)) in an ideal vapour compression refrigerant cycle (Herold et al., 

1996). 

      
Figure 2. 22 Electricity powered heat pump system (Herold et al., 

1996)  
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Figure 2. 23 Diagrams of an ideal vapour compression refrigerant 

cycle (Herold et al., 1996) 

In addition, it has the maximum thermal efficiency (      ) for given 

temperature limits between evaporator and condenser, shown as 

(Cantor and Harper, 2011): 

       
  

     
 

 

  
  
  

 (Equation 2. 2) 

The COP increases when    of evaporator increases. In addition, 

decreasing the    of condenser increases the COP, because heating 

and cooling are the main objectives of heat pump, decreasing the      of 

condenser is not expected. 

The COP of heat pump system depends on many factors, such as the 

temperature of evaporator, the temperature of delivered useful heat, the 

working medium used, and the characteristics of components. Among 

the above mentioned, the temperature of evaporator is the key factor 

(Pan and Li, 2006).  
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2.4.2 Performance of ASHP 

In general, ASHP is applicable and widely used in building sectors for 

heating and cooling and could play a significant role in reducing CO2 

emissions because of low cost and simplicity of installation. The most 

important shortcoming of ASHP is their application in climates where the 

ambient temperature is low in winter. The capacity of the ASHP 

decreases sharply when the outdoor temperature deviates greatly from 

that of mild working conditions. As ambient air temperature (the 

evaporator fluid inlet temperature) increases, the COP increases, as 

does the capacity. As the air temperature drops, frost can form on the 

evaporator coil, which adds heat transfer resistance and blocks airflow. 

A reverse operation of the heat pump cycle on frequent basis removes 

the frost (a defrost cycle), but this reduces the capacity and COP of the 

system. At low ambient temperatures, a heat pump will have inadequate 

capacity to heat the building, and so a supplemental heat source (often 

an electric resistance heater) is required.  

2.4.3 Solar Assisted Heat Pump System 

Since the major drawback of the ASHP is the temperature of evaporator, 

the frequent defrost of the ASHP evaporator during the operation in cold 

seasons, a solution is proposed. The hybrid system with a 

supplementary heat source such as solar energy linked to the 

evaporator, a configuration has received little attention. In addition, a 

hybrid energy system combining the use of two or more alternative 

technologies will help to increase the total efficiency of the system. 

Therefore, using solar energy as the supplementary source to the heat 

pump is necessary, which is called solar assisted heat pump system 

(SAHP).  
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There are various ways to categorize SAHP. Based on heat transfer fluid, 

solar assisted heat pump systems can be classified into direct 

expansion solar assisted heat pump (DX-SAHP) and indirect expansion 

solar assisted heat pump. The DX-SAHP combines the collector and 

evaporator into one unit. The refrigerant is directly expanded in the solar 

collector and undergoes phase change from liquid to vapour by 

absorbing the solar energy. The advantages of DX-SAHP are higher 

heat transfer efficiency and lower cost. The indirect SAHP employs a 

solar collector and a heat pump as separate units. The solar heat 

collector absorbs the sun radiation by water or air and transfers into heat 

pump through an intermediate heat exchanger. 

Solar assisted heat pump systems also can be classified into solar 

thermal assisted heat pump (SAHP) and photovoltaic/thermal heat 

pump system (PV/T-HP). SAHP is the hybrid system that enhances the 

performance of heat pumps by taking heat from solar energy. PV/T-HP 

is a hybrid system which integrates of solar collector, PV module, and 

heat pump together.  

2.4.3.1 Application of Solar Assisted Heat Pump System 

Although heat pump systems could supply heating and cooling in the 

same system, Peter and Cornelia (2013) presented that most of the 

SAHPs are mainly focused on the benefit for all kinds of heating 

application. The comparison of the application area is shown in Figure 

2.24. There are 75% of studies have been attributed to water heating, 19% 

of studies to space heating and only 1% of studies to space cooling.  

Day and Karayiannis (1994) presented Figure 2.25 to show the 

operation of DX-SAHP in meeting demand for a particular period of time 

in a day. According to them, the heating and cooling demand could be 
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met directly when the available energy is highest and the stored energy 

could be used to assist or provide for small consumption at low solar 

energy availability. 

     

Figure 2. 24 Comparison distribution of DX-SAHP system application 

area from literatures review (Peter and Cornelia, 2013) 

O’Dell et al. (1984) investigated the design method and performance for 

heating and cooling performance of heat pumps with refrigerant filled 

solar collectors for heating and cooling applications. The results 

revealed that the cooling performance of a refrigerant filled collector heat 

pump is inferior to conventional heat pumps. 

Hawlader and Jahangeer (2004) and Hawlader and Jahangeer (2006) 

investigated SAHP for air conditioning, water heating and drying. The 

solar collector and evaporator are connected in parallel with individual 

expansion valves. The air cooled and water cooled condensers are 

connected in series. The schematic diagrams of SAHP are shown in 

Figure 2.26 and Figure 2.27, respectively. 
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Figure 2. 25 Illustration of operation in meeting demand for a particular 

day time period (Day and Karayiannis, 1994) 

       

Figure 2. 26 Schematic diagram of SAHP for drying, air conditioning and 

water heating (Hawlader and Jahangeer, 2004) 
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Yang et al. (2009) experimentally analysed the characters of the indirect 

solar multi-function heat pump system. Kuang and Wang (2006) 

investigated the multi-functional DX-SAHP, shown in Figure 2.28. The 

obtained COP of heating and cooling is 2.7 and 2.9, respectively. When 

operates in cooling mode, it stores about 49.5 kW of cold energy with the 

efficiency of 30%. 

Ji et al. (2003) experimentally investigated the multi-functional air 

conditioning products. The two-functional and three-functional air 

conditioners are shown in Figure 2.29 and Figure 2.30, respectively. The 

experimental tests showed that the average COP is 2 when it operates 

space cooling only, 2.91 when water heating only, 4.02 when both space 

cooling and water heating. 

  

Figure 2. 27 Schematic diagram of SAHP for drying and water heating 

(Hawlader and Jahangeer, 2006) 
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Figure 2. 28 Schematic diagram of DX-SAHP, (a) heating (b) cooling 

(Kuang and Wang, 2006) 

  

Figure 2. 29 Cycles of the two-functional air conditioning (Ji et al., 2003) 
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Figure 2. 30 Cycles of the three-functional air conditioning (Ji et al., 

2003) 

2.4.3.2 Improve COP of Solar Assisted Heat Pump System 

Chaturvedi and Abazeri (1987) reported that many parameters affect the 

performance of solar assisted heat pump systems, which include 

compressor speed, collector area and slope, storage volume, load 

temperature, wind speed as well as refrigerant properties. Trilliant et al. 

(2006) presented the factors which affect the COP include heat 

exchanger between condenser and evaporator, vapour at the entrance 

to evaporator, motor efficiency, heat losses, vapour density, ambient 

temperature, and refrigerant. 

Literature review also indicated that the collector-evaporator and the 

compressor are the common components that are highly influenced by 

the amount of heat obtained from the heat source (Sporn and Ambrose, 

1955). Moreover, the power consumption occurs at the compressor and 

pumps which the collector-evaporator performance is dependent upon. 

The influence of the available solar heat on the performance of both the 

collector evaporator and compressor are highly important (Kuang and 



 Chapter 2 Literature Review 

41 

 

Wang, 2006). Li et al. (2006) also presented the highest exergy loss 

occurs in the compressor and collector-evaporator based on the exergy 

analysis for each components.  

Compressor speed and efficiency are two main factors in function of 

raising refrigerant pressure and increasing heating temperature. It is 

suggested that keeping the compressor at low speed will not only 

improve COP, it will also prolong the service life span of the compressor 

(Chaturvedi et al. 1998 & Raisul et al. 2012 & Soldo et al. 2004). The 

variable frequency compressor is the best choice. Another advantage of 

achieving higher COP through compressors is the opportunity of 

reducing the compressor energy consumption. Studies showed that the 

power consumption of compressor is represented by the empirical 

functions of the evaporation temperature and water temperature at the 

condenser (Guoyuan and Xianguo, 2007; Guoyuan and Huixia 2008).  

2.4.3.3 Collector/Evaporator 

From an engineering point of view, efficiency and reliability should be 

considered for designing the system. Thus, the design of a collector- 

evaporator is quite complicated. It is concluded that solar radiation and 

ambient temperature are the most important parameters that should 

affect the efficiency of collector and COP of the system. However, their 

high instability is a concern. Wind velocity and the area of collector have 

not a great influence on the system performance. Furthermore, fluid 

mass flow rate and heat losses through designs at the point of 

conversion should be considered carefully, 

Huang and Chyng (2001) showed that a SAHP operates at much more 

severe condition than a conventional air conditioner, usually at unsteady 

state, shown in Figure 2.31.  
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Figure 2. 31 Possible time variation of refrigeration cycle for an ASHP 

(Huang and Chyng, 2001) 

Depending upon the design of the SAHP system, heat may be 

dissipated to the ambient air from the collector surface if the ambient 

temperature is lower than the collector temperature. In order to achieve 

high performance, the evaporating temperature needs to be kept higher 

than the ambient temperature. Chaturvedi et al. (1980) carried out a 

theoretical analysis of the SAHP. The results confirmed that the 

evaporating temperature   depends on the solar radiation   and the 

ambient temperature   . Whether a SAHP will operate at      , 

depends on the system match and the weather conditions. Chaturvedi et 

al. (1980) also presented that a high evaporating temperature will cause 

a high compressor discharge temperature, which possibly exceeds the 

allowable temperature limit. Hence, operated at       has an 

advantage of having lower compressor exhaust temperature and dual 

heat source from both solar radiation and ambient air. So a proper 

design of the collector for a specific condition should be important.  
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Unglazed and glazed flat plate solar collectors are the two major types of 

collector-evaporator that most employ in SAHP system applications. The 

use of unglazed and glazed flat plates has been encouraged by its ability 

to obtain good collector efficiency. Among the two types, it is clear that 

the unglazed flat plate collector is the most widely used. In the absence 

of collector covers, heat loss transfer activity is reduced because all 

available heat absorbed by the plate is transferred to the low 

temperature flowing fluid. Since solar radiation is the main source by 

which solar energy is transferred, reducing heat losses through designs 

at the point of conversion has largely been considered in determining 

system performance. This main advantage of recovered saving by the 

collector-evaporator modifications have been cited by many research 

work for SAHP system applications. 

Morrison (1994) investigated the performance of heat pump water 

heaters with solar boosted evaporators, shown in Figure 2.32. A 

simulation model in the TRNSYS package was developed for assessing 

annual performance. He used a packaged heat pump system with a 

passive evaporator and condenser in the one unit to eliminate parasitic 

energy consumption of the usual circulating pump and fan coil unit under 

various weather conditions. 

Chaturvedi et al. (1998) developed a variable capacity DX-SAHP for 

domestic hot water application. The proposed system employs a bare 

solar collector and variable frequency compressor. This study used the 

theoretical and experimental analysis, and the collector temperature is 

maintained 5oC -10oC higher than the ambient temperature. 
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Figure 2. 32 Schematic diagram of a solar boosted (Morrison, 1994) 

Ito et al. (1999) designed a SAHP employing an unglazed solar collector 

as the evaporator, shown in Figure 2.33 and Figure 2.34. During 

operating period, the evaporating temperature is always higher than the 

ambient temperature. Electricity consumption of the compressor and 

COP were defined as functions of evaporation temperature and 

condenser inlet temperature of the refrigerant. Evaporation temperature 

was found to be 17oC above the ambient and COP was found to be 5.3, 

while condenser inlet temperature of the refrigerant was 40oC. 



 Chapter 2 Literature Review 

45 

 

  

Figure 2. 33 DX-SAHP- combine with two different types of solar 

collectors acting as evaporator (Ito et al., 1999) 

                           

Figure 2. 34 Radiative type of flat plate solar collector (Ito el al., 1999) 

Huang and Chyng (2001) presented a 105 litre SAHP using a bare 

collector (showed in Figure 2.35) and a small R134a reciprocating type 

compressor with rated input power 250 W. The system operates at 
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      and with a match condition (near saturated vapour compression 

cycle and compressor exhaust temperature below 100oC), which is 

suitable for application in the subtropical area. The COP of the system 

reaches in the range 2.5 – 3.7 at water temperature between 61oC and 

25oC. 

  

Figure 2. 35 Collector surface design of an SAHP (Huang and Chyng, 

2001) 

Kong et al. (2011) described a DX-SAHP for domestic hot water during 

an entire year. The system employs a bare flat plate collector and an 

electrical rotary type compressor. Based on lumped and distributed 

parameter approach, the simulation model is developed to predict the 

thermal performance of the system. The results showed that the effect of 

wind velocity depends on the relation between temperature of collect 

plate and ambient air.  
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2.4.3.4 Other Types of Collector 

Many studies were carried out to investigate other tyoes of collectors for 

SAHPs, such as vacuum tube collectors and finned coil collectors. 

Krakow and Lin (1983) designed the finned coil collector as the 

evaporator. The results showed that the output temperature of 2.8oC is 

above the ambient temperature. Islam et al. (2012) investigated the 

U-pipe evacuated tube for trans-critical cycle performance on SAHP. 

The efficiency of collector varies from 50% to 55%. 

Saad et al. (2004) presented and analysed a new configuration of a 

solar assisted heat pump. The system employs a double-tube 

evaporator. Water is pumped through an inner tube. Refrigerant (R134a) 

flows in the annular space between the inner and outer tubes. The 

results showed that the ratio of heat transferred from surrounding air and 

water to the evaporator double affects the heating evaporator. In 

addition, the heat delivered by the double effect heating system is 

significantly higher than other systems. Double-effect heating evaporator 

collectors energy from various sources when it is installed outdoor: hot 

water from collector, latent heat released by condenser by condensation 

on the evaporator, sensible heat gain from atmosphere, and sensible 

heat gain from rainwater passing over the evaporator.  

Chyng et al. (2003) investigated the integral type SAHP, shown in Figure 

2.36. The daily total COP ranges from 1.7 to 2.5 depending on seasons 

and weather conditions year-round. Huang et al. (2005) investigated the 

heat pipe enhanced SAHP water heater to achieve high energy 

efficiency. This system uses solar heat pipe collector and heat pump 

together with dual heat sources, shown in Figure 2.37. The COP of the 
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novel system is 3.32, which 28.7% of increased conventional heat pump 

of 2.58. 

  

Figure 2. 36 Schematic diagram of integral type SAHP (Chyng et al., 

2003) 

  

Figure 2. 37 Schematic diagram of heat pipe enhanced SAHP (Huang et 

al., 2005) 
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2.4.3.5 PV/T Collector Panel Heat Pump System 

PV/T collectors are usually combined with a ground or air source heat 

pump to adapt building energy needs in heating and cooling demands. 

Photovoltaic/thermal heat pump system (PV/T-HP) is an effective way, 

in which low grade heat energy extracted from PV/T collector is 

upgraded by heat pump system to an appropriate temperature for 

heating purposes. In addition, the electricity produced by PV panel 

covers the electrical demands of heat pump. PV/T-HP presents higher 

total energy conversion efficiency.  

Biaou and Bernier (2008) examined zero net energy house (ZNEH) in 

Montreal and Los Angeles, shown in Figure 2.38. It indicated that 

heating domestic hot water with thermal solar collectors with an electric 

backup provided by the PV panel is the best solution for ZNEH.  

Gang et al. (2007) investigated the performance of a SAHP combined 

with photovoltaic modules in a typical climate zones. The results 

obtained an overall COP of 9.5 because the PV/T-HP presents higher 

total energy conversion efficiency.  

  

Figure 2. 38 Schematic diagram of ZNEH (Biaou and Bernier, 2008) 
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A PV/T collector plays an important role in a PV/T-HP system. Fujita et 

al. (1998) showed the structure of sheet and tube solar thermal 

collectors with round copper tubes adhered to the back of the absorber 

copper or aluminium plate in Figure 2.39. Because it is difficult to firmly 

adhere between the absorber plate and the evaporator tube, large 

contact heat resistance happens. Fujita et al. (1998) also showed the 

modified evaporator with aluminium roll bond panels and poly-crystal PV 

modules bound to surface to make low cost and lightweight. Ito et al. 

(2005) showed the modified evaporator in order to reduce a large 

pressure loss for refrigerant flow. 

  

Figure 2. 39 Cross sectional of sheet and tube PV/T evaporator (Fujita et 

al., 1998) 

Ji et al. (2009) developed and numerically studied a new PV/T-HP with a 

modified collector/evaporator. According to the modified evaporator, 

portrayed in Figure 2.40, multi-port flat extruded aluminium tubes are 

directly adhered to the back of absorber by using conductive glue. 

Refrigerant tubes are arranged in parallel with a spacing of 180 mm, as 

shown in Figure 2.41. The results showed that the novel system 

achieves a higher COP for water heating under a typical weather 

condition in summer.  
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Ji et al. (2009) showed the structure of PV/T evaporator module in 

Figure 2.42. A specially designed PV/T evaporator, which is laminated 

with PV cells on the front surface of the thermal absorber. The results 

showed that the PV efficiency is up to 12%, which is higher than the 

performance on the other types of PV/T systems. 

Figure 2. 40 Cross sectional and dimension of modified PV/T 

evaporator (Ji et al., 2009) 

  

Figure 2. 41 Structure of PV/T evaporator (Xu et al., 2009) 
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Figure 2. 42 Parallel refrigerant tubes on the back of modified PV/T 

evaporator (Ji et al., 2009) 
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Chapter 3 Investigation of Novel Solar Collectors  

In this chapter, novel PV/T collector and novel solar thermal collector are 

presented. Firstly, a specially designed PV/T collector is adopted in the 

novel system to acquire simultaneously thermal energy and electricity 

from solar radiation. A dynamic model of the PV/T collector based on the 

distributed parameter approach is presented. Secondly, a specially 

designed solar thermal collector is presented and the experimental 

investigations are detailed.  

3.1 Investigation of Photovoltaic/Thermal Collectors 

The idea of improving the electrical efficiency, by reducing the 

photovoltaic collector temperature, as well as taking advantage of the 

thermal energy produced, constitutes the basic idea in the development 

of hybrid PV/T collectors. Different working fluids such as air and water 

have been used for the cooling of PV modules, but the improvement in 

energy performance has been found to be small. 

This section is firstly trying to cool down the PV by incorporating a heat 

extraction device being a U type copper tube adhered in a copper sheet 

with refrigerant R134a as a heat transfer medium. The simulation is 

carried out using TRNSYS before the experiments in order to evaluate 

how useful it can be as a design tool. The system is experimentally 

tested in order to evaluate the electrical and thermal efficiency. The 

results from this section will help to compare the performance of the 

system and perform as a prophase work that is going to be used in the 

Chapter 4. 
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3.1.1 PV/T Collector Panel Description 

Figure 3.1 shows a view of the PV/T collector. It consists of 6 glass 

vacuum tube-PV module-aluminium sheet-U type copper tube (GPAC) 

sandwiches connected in series. PV cells are made of amorphous 

silicon. Figure 3.2 shows a cross sectional view of a GPAC sandwich. 

The aluminium sheet (1 mm) adhered on the back of the PV module (3 

mm thick) with thermal glue for good thermal conductance and the PV 

cells are made of amorphous silicon. The U-type heat exchanger 

(copper tube of 8 mm diameter, shown in Figure 3.3) is tightly wrapped 

with the aluminium sheet at two side ends along the copper tube under 

precise pressure control to provide a good contact between the 

aluminium sheet and the copper tube. This enables a good heat transfer 

from the aluminium sheet to the refrigerant. The copper tube pitch is 40 

mm. The GPAC sandwich is insulated with a transparent glass vacuum 

tube (58 mm internal diameter). The total aperture area and PV cell area 

are 0.42m2 and 0.383m2, respectively. The list of the dimension 

parameters of PV/T evaporator panel are shown in Table 3.1. 

The PV/T collector panel acting as evaporator is coupled with a heat 

pump system. The refrigerant R134a is employed in the PV/T-HP. The 

small portion of the absorbed solar energy is converted to electricity. The 

rest of the energy is converted to waste heat, extracted by the refrigerant 

at the back surface of the PV panel. After the Rankine refrigerant cycle 

operation, the heat is released later at the condenser. With the low 

evaporating temperature, it was expected to achieve better cooling 

effect and better electrical performance of the PV modules.  
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Figure 3. 1Layout of PV/T collector panel 

                

Figure 3. 2 Cross-sectional view of a glass vacuum tube 
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Figure 3. 3 The diagram of U-type heat exchanger 

Table 3. 1 The characteristics of PV/T collector 

Component Parameter (mm) 

Solar collector panel Length 1300 

Width 480 

Vacuum glass tube Diameter 56 

Length 1200 

PV module Length 1100 

Width 40 

Thickness 2 

Aluminium sheet Length 1100 

Width 55 

Thickness 1 

Copper tube External diameter 10 

Internal diameter 8 

Length 1220*6 

Tube pitch 40 
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3.1.2 Mathematical Model and Simulation of PV/T Collector 

The assumptions used in this model are shown as follows: 

 The refrigerant flow inside the collector copper tube is one 

dimension and homogeneous. The liquid and vapour refrigerant 

have the same average transport velocity. 

 The liquid and vapour phase are in saturated thermal equilibrium 

and the pressure of the liquid and vapour at the same cross section 

are equal. 

 The pressure drop of the PV/T system is neglected. 

For the purpose of the preliminary results, the view factor of the 

vacuum tube is neglected. 

3.1.2.1 Glass Vacuum Tube Model 

Figure 3.4 shows the thermal network of the internal vacuum glass tube, 

and the heat balance at the glass vacuum tube is given by: 

     (   ⁄ )                              (   ⁄ )  

           (Equation 3. 1) 

Where    is the absorptance of glass vacuum tube;   is the solar 

radiation (W/m2);    is the outer surface area of the glass vacuum tube, 

m2;    and     are respectively the area of the PV module and the 

aluminium sheet, m2. 

The heat radiation from the PV module to glass vacuum tube (W/m2) is 

given by: 

             
    

   (Equation 3. 2) 

Where    is the emittance of PV module;   is the Stefan-Boltzmann 

constant;     and    are the temperature (K) of PV module and glass 

vacuum tube, respectively. 
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Figure 3. 4 The thermal network of the internal vacuum glass tube. 

The heat radiation from the aluminium sheet to glass vacuum tube 

(W/m2) is given by:  

                
    

   (Equation 3. 3) 

Where     is the emittance of aluminium sheet;     is the temperature 

(K) of aluminium sheet. 

The heat radiation from glass vacuum tube to sky (W/m2) is given by: 

               
      

   (Equation 3. 4) 

Where      is the background sky temperature (K) with a function of 

ambient temperature   : 

             
    (Equation 3. 5) 

The heat convection from glass vacuum tube to ambient air (W/m2) is 

given by: 

           (     ) (Equation 3. 6) 

Where      is the convectional heat transfer coefficient between glass 

vacuum tube and ambient air (W/m2 K), which is a function of wind 

velocity. 
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According to Duffie and Beckman (1991), 

                  (Equation 3. 7) 

Where       is the wind velocity. 

3.1.2.2 PV Module Model 

Figure 3.5 shows the thermal network of the PV module, and the heat 

balance equation at PV module is given by: 

                                                    

                                              (Equation 3. 8) 

Where       and        are the effective absorptance of the solar 

cells and base plate, respectively. 

  

Figure 3. 5 The thermal network of the PV module 

According to Duffie and Beckman (1991),  

      
      

          
 (Equation 3. 9) 

       
       

           
  (Equation 3. 10) 
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Where    is the transmittance of glass vacuum tube considering only 

absorptance loss and    is the transmittance of PV module considering 

only reflection loss;    and     are the absorptance of solar cells and 

base plate, respectively;    is the diffuse reflectance of glass vacuum 

tube. 

The heat conduction from the PV module to the aluminium sheet (W/m2) 

is given by: 

        
        
  
   

 
   
    

 (Equation 3. 11) 

Where    and     are the thickness of the PV module and the 

aluminium sheet, respectively (m);    and     are the heat conductivity 

of the PV module and the aluminium sheet, respectively (W/m K). 

The electricity production (W) is given by: 

             (Equation 3. 12) 

Where    is the temperature dependent electrical efficiency of solar cell 

(PV module), and is given by 

                    (Equation 3. 13) 

Where     is the reference electrical efficiency (0.15) at the reference 

operating temperature     (298K);   is the temperature coefficient 

(0.0045) (ji, et al., 2009);    is the ratio of solar cell area to PV module 

area.  

3.1.2.3 Aluminium Sheet Model 

Figure 3.6 (a) shows the thermal network of aluminium sheet modules. 

The heat balance equation at aluminium sheet module is given by: 

                                       (Equation 3. 14) 

Where     and     are the areas of solar cell base plate and 

aluminium sheet (m2); 
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       is the contact area between aluminium sheet and copper tube 

(m2), which is given by: 

         
 

 
            (Equation 3. 15) 

Where       is the external diameter of the copper tube (m);     is the 

length of solar cell base plate (m). 

The heat conduction from aluminium sheet to the copper tube (W/m2) is 

given by: 

       
         
   
    

 
   
    

 (Equation 3. 16) 

Where     is the temperature of copper tube (K);     is the thickness 

of copper tube (m);     is the thermal conductivity of copper tube  

(W/m K).  

  

Figure 3. 6 The thermal networks of the aluminium sheet and copper 

tube 

3.1.2.4 Copper Tube Model 

Figure 3.6 (b) shows the thermal network of the copper tube module. 

The heat balance equation at copper tube module is given by: 
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                              (Equation 3. 17) 

Where       is the internal surface area of the copper tube (m2), and is 

given by: 

                (Equation 3. 18) 

Where       is the internal diameter of copper tube (m);     is the 

length of copper tube (m). 

The heat convection (W/m2) from copper tube to the refrigerant is given 

by: 

        
        
 

  
 

   
    

 (Equation 3. 19) 

Where    is the temperature of the refrigerant (K);    is the convective 

heat transfer coefficient between copper tube and refrigerant (W/m K), 

which is given by: 

For single phase flow: 

        
          

  
  (      for liquid,       for vapour)  

(Equation 3. 20) 

For two phase flow:  

               
                 

        (Equation 3. 21) 

Where   is the average dryness fraction of the refrigerant. 

   
     

  
 (Equation 3. 22) 

   
         

  
 (Equation 3. 23) 

3.1.2.5 PV/T Collector Panel 

The heat balance equation at the refrigerant is given by: 

                      (Connect in series) (Equation 3. 24) 

                       (Connect in parallel) (Equation 3. 25) 
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Where    is the mass flow rate of refrigerant (kg/s);     is the 

infinitesimal segment of refrigerant enthalpy difference between inlet 

and outlet of copper tube (J/kg). 

3.1.2.6 Numerical Simulation 

The simulation model of the PV/T collector is carried out using TRNSYS 

and then presents the results, shown in Figure 3.7. 

Figure 3. 7 Flow diagram of simulation model 

3.1.3 Experimental Study of PV/T Collector 

3.1.3.1 Layout of the Testing Rig 

The 6 PV modules (made of amorphous silicon) in parallel are 

connected to an electronic circuit in order to evaluate the electrical 

parameters. The experimental rig is shown in Figure 3.8. The main 

components of the electronic circuit are composed of rheostat, current 
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shunt, resistances and data logger. The rheostat (0~250 Ω) is regulated 

to measure the power output under different load. The current shunt is 

used to measure the circuit current. Since the voltage of PV modules is 

about 10 V, which is out of the voltage range of data logger (2.5 V), two 

resistances (100 KΩ and 10 KΩ) in series are connected to the rheostat 

in parallel for the testing of voltage output. The power output is 

calculated with the tested voltage and current outputs.  

Figure 3. 8 The schematic diagram of the electric circuit for power 

testing 

3.1.3.2 Performance of PV/T Collector  

The heat gain of the PV/T collector is measured by means of the amount 

of heat carried away in the refrigerant passing through it, which is given 

by: 

                 (Equation 3. 26) 

Where    is the refrigerant mass flow;    is the specific heat of 

refrigerant;     and      are the temperature at the inlet and outlet of 

the PV/T collector panel, respectively. 

The electrical efficiency of the PV modules is given by: 
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 (Equation 3. 27) 

Where   is the electricity generation;   is the solar radiation;    is the 

area of PV cells;       is the effective absorptance of PV cells,  

      
      

          
 (Equation 3. 28) 

Where    is the transmittance of glass vacuum tube considering only 

absorptance loss and    is the transmittance of glass vacuum tube 

considering only reflection loss;    is the absorptance of PV cells;    

is the diffuse reflectance of glass vacuum tube. 

The thermal efficiency of the PV modules is expressed as: 

   
     

        
 (Equation 3. 29) 

3.1.4 Performances of PV/T Collector  

3.1.4.1 Solar Radiation and Ambient Temperature 

The climatic data is obtained from the British Atmospheric Data Centre, 

and includes monthly average horizontal solar radiation and ambient 

temperature. In addition, the horizontal solar radiation is converted to 

that on a tilted surface with an angle of 30o for calculation. Figure 3.9 

shows the ambient temperature and monthly average solar radiation on 

tilt surface with an angle of 30o. According to the Figure that the monthly 

average solar radiation is low from October (187.5 W/m2) to March 

(241.8 W/m2). The lowest month is December, with only 65 W/m2 of the 

solar radiation. From April to August, the solar radiation fluctuates 

slightly between 300 W/m2 and 330 W/m2. The annual average solar 

radiation is 223 W/m2 in the south facing. From this we can see that the 

ambient temperature is low from November (6.8oC) to April (7.1oC). The 

lowest temperature is 3.7oC in January. From May to September, the 
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ambient temperature is up to 10oC. From June to September, ambient 

temperature fluctuates slightly between 13.5oC and 16.8oC. The annual 

average ambient temperature is 9. 4oC. 

  
Figure 3. 9 Variation of solar radiation and ambient temperature whole 

year 

Figure 3.10 shows the ambient temperature and solar radiation on tilted 

surface with an angle of 30o on a typical day in Nottingham. The climatic 

data are obtained from the British Atmospheric Data Centre. The solar 

radiation is low from 6:00 (92.4 W/m2) to 8:00 (297.5 W/m2), and 16:00 

(287.6 W/m2) to 18:00 (83.8 W/m2). From 8:00 to 16:00, the solar 

radiation fluctuates between 297.5 W/m2 and 628.7 W/m2. The average 

solar radiation is 461.68 W/m2 in the south facing. The ambient 

temperature is low from 6:00 (11.2oC) to 16:00 (18.2oC). The annual 

average ambient temperature is 15.8oC. 
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Figure 3. 10 The ambient temperature and solar radiation on a typical 

day  

3.1.4.2 Area Affect the Performance of PV/T Collector 

In order to investigate the performance of PV/T collector panels, the 

effects of PV/T collector area are investigated. Figure 3.11 shows the 

temperature of the PV cell at different PV/T collector areas. Based on 

this, we know the temperature increases with the increasing PV/T 

collector area. The temperatures increase in the morning and reach the 

peak value at 12:00 noon, then gradually decrease. The trend is same 

as solar radiation.  

Figure 3.12 shows the heat gain of PV/T-HP at different PV/T collector 

areas. From the Figure, we can see that the heat gain increases with the 

increasing PV/T collector area, and with the same trend of solar 

radiation. That is because solar radiation has the great effect on the heat 

gain of the system. The heat gain increases with the increasing solar 

radiation, and vice versa. 
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Figure 3. 11 Temperatures of the PV cell at different PV/T collector area 

  
Figure 3. 12 The heat gain of PV/T-HP at different PV/T collector area 

Figure 3.13 and Figure 3.14 show the electrical output and PV efficiency 

at different PV/T collector areas. Based on the two Figures, we can see 

that the electricity output has the same trend with solar radiation, and the 

electricity efficiency has an opposite trend. However, the electricity has 

an opposite trend. With the increasing PV/T collector area, the electrical 
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power increases and the electrical efficiency decreases, respectively. 

That is because the increasing area of PV/T collector leads to the 

increase of collector temperature and PV module temperature, which 

reduces the electrical efficiency of PV modules.  

  

Figure 3. 13 The power output at different PV/T collector area 

  

Figure 3. 14 The PV efficiency at different PV/T collector area 
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Figure 3.15 shows the COP of PV/T-HP at different PV/T collector areas. 

In the Figure, the COP increases with the increasing area of PV/T 

collector. This is because the increasing area of the PV/T collector leads 

to the increase of collector temperature and PV module temperature, 

which increases the thermal output of the system. Although the 

increased temperature of PV module will lead the decrease of electrical 

efficiency, the heat transfer between the PV module and refrigerant also 

increases. Then the COP of the whole system increases.  

  

Figure 3. 15 COP of PV/T-HP at different collector area 

3.1.4.3 Electrical Performance of PV/T Module  

Figure 3.16 shows the variation temperature at different layers of glass 

tube, PV base plate, refrigerant and the ambient temperature. Based on 

this, we know that the ambient temperature increases from 12.2oC at 

8:00 to 17.2oC at 14:00, and then drops gradually afterwards. The 

temperature curves of PV module and refrigerant have the same trend 

as that of ambient temperature, rising up to the maximums in 15:00 and 

going down. The temperature of PV module rises from 12.1oC to 32.7oC, 
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which is much lower than that of PV modules without cooling. The 

temperature difference ranging from 15oC to 24oC between PV module 

and refrigerant provides the motivation for heat extraction. The glass 

tube temperature is very close to the ambient due to the vacuum 

insulation and the heat loss from glass tube to the ambient. In addition, 

at about 18:00, ambient temperature, glass tube temperature, and PV 

module temperature are nearly the same.  

  

Figure 3. 16 Variation of temperatures at different layers 

Figure 3.17 shows the variation of the heat gain and thermal efficiency of 

the PV/T collector panel. The heat gain generally increases from 308 W 

to 510 W and changes with solar radiation. The thermal efficiency varies 

from 0.72 to 0.83 with an average value of 0.752, which is much higher 

than the typical thermal efficiency of conventional flat plate PV/T 

collector panels ranging from 0.4 to 0.5. That is because the vacuum 

glass tube reduces the heat loss to the ambient.  

Figure 3.18 shows the variation of the electrical efficiency, power and 

electrical output of the PV/T collector. The electricity efficiency has an 

opposite trend with the solar radiation and ambient temperature. It varies 

from 0.148 to 0.163 with an average value of 0.155. The electricity 

output ranges from 22W to 110W vary with the solar radiation.  
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Before the construction of the testing rig, the electrical performance of 

PV modules without cooling is tested for investigation on the 

performance improvement made by refrigerant cooling. Figure 3.19 

shows the variation of electrical efficiency for the PV modules with and 

without cooling under different radiation. It can be seen that the electrical 

efficiency with refrigerant cooling is higher than that without cooling. In 

addition, electrical efficiency improvement is made by refrigerant cooling 

increased with the increasing radiation. At the radiation 200W/m2, the 

electrical efficiency is 0.21% without cooling and 0.5% with refrigerant 

cooling, respectively, make 0.29% improved. At the radiation of 800 

W/m2, the electrical efficiency is 2.7% without cooling and 4.6% with 

refrigerant cooling, respectively, make 1.9% improved. 

  

Figure 3. 17 Variation of the thermal efficiency and heat gain of the PV/T 

collector panel  
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Figure 3. 18 Variation of the electrical efficiency, power and electricity 

output 

  

Figure 3. 19 Comparison of electrical efficiency with and without cooling 

Figure 3.20 shows the variation of electrical efficiency and PV power 

output under different radiation. The Figure indicates the electrical 

efficiency and PV power output increases with the increasing radiation. 

At the radiation 200W/m2, the electrical efficiency and PV power are 0.5% 

and 0.2W, respectively. As the radiation increases to 800W/m2, the 

electrical efficiency and PV power are 4.6% and 6.1W, respectively. 
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Figure 3. 20 Variation of electrical efficiency and PV power with radiation 

Figure 3.21 shows the variation of electrical efficiency and PV power 

output under different condenser water supply temperature. Based on 

this, we know that the radiation varies within 600±30 W/m2 during the 

testing mode B. The electrical efficiency and PV power output are mainly 

affected by the radiation instead of the condenser water supply 

temperature. The minimum radiation 573.6 W/m2 at the condenser water 

supply temperature of 30oC leads to the minimum electrical efficiency of 

4.77% and the minimum PV power output of 4.5 W, while the maximum 

radiation 625.6 W/m2 at the condenser water supply temperature of 

45oC leads to the maximum electrical efficiency of 4.86% and the 

maximum PV power output of 5.0 W. 

Figure 3.22 shows the variation of electrical efficiency and PV power 

output under different condenser water flow rate. The radiation varies 

within 590-630 W/m2 during the testing mode C. It has an important 

impact on the electrical efficiency and PV power output instead of the 

condenser water flow rate. The minimum radiation 598.1W/m2 at the 

condenser water flow rate 2L/min leads the minimum electrical efficiency 

of 4.2% and the minimum PV power output of 4.1 W, while the maximum 
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radiation 622.8W/m2 at the condenser water supply temperature of 

5L/min leads to the maximum electrical efficiency of 4.8% and the 

maximum PV power output of 4.6W. 

  

Figure 3. 21 Variation of electrical efficiency and PV power with 

condenser water supply temperature 

  

Figure 3. 22 Variation of electrical efficiency and PV power with different 

condenser water flow rate 
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3.2 Investigation of Solar Thermal Collector 

Typically solar collectors are considered merely technical elements and 

installed on the roof top where the visible impact is less prominent. The 

idea of better integrating of solar thermal collector panels in building is 

developed by the linear design approach.  

In order to achieve the results from technical and aesthetic point of view, 

the novel solar collector presents a high building integration without any 

visual impact. The model is experimentally tested in order to evaluate 

the thermal efficiency. The results from this section will work as a 

prophase work that is going to be used in the Chapter 5. 

3.2.1 Solar Thermal Collector Description 

The novel solar collector is made from 6 glass tube (diameter 150mm) - 

casing tubes made by stainless steel withstands pressure with solar 

selective absorbing coat (diameter 130mm) - copper tubes (GCC) 

connected in series, shown in Figure 3.23. The casing tubes are made 

of stainless steel and covered with selective absorbing coating to 

effectively inhibit the vacuum tube conduction, convection and radiation 

heat loss. In order to effectively inhibit the conduction, convection and 

radiation loss, keeps the vacuum between glass tubes and casing tubes. 

Figure 3.24 shows a cross sectional view of the vacuum glass tube. The 

characteristic dimensions of solar collector panel are shown in Table 3.2. 

In addition, it has a particularly large capacity for storage water in the 

glass tubes due to the large diameter of glass tubes, 80 litres in 6 glass 

tubes, therefore no additional water tank is needed, which means the 

novel solar collector is not only convert solar radiation into heat, but also 

act as the water storage.  
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The novel solar thermal collector is combined with ASHP together. The 

novel U-type heat exchanger inserts into the glass vacuum tubes and 

employs refrigerant R134a as the heat transfer fluid instead of water, 

shown in Figure 3.25. In this novel hybrid SAHP, it provides heat by air 

and solar combined. 

Figure 3. 23 The diagram of a novel solar collector 

            

Figure 3. 24 Cross sectional view of vacuum glass tube 
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Table 3. 2 Characteristic dimension of novel solar collector panel 

Component Parameter Dimension 

(mm) 

Solar collector panel Length  1400 

Width  1250 

Manifold header Length  1250 

Width  200 

Copper tube in manifold Diameter 28 

Glass tube External Diameter 150 

Length 1150  

Casing tube  Diameter 130 

Length 1200 

Copper tube in glass tube External diameter 10 

Internal diameter 8 

Figure 3. 25 The diagram of solar collector with U-type heat 

exchanger 
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3.2.2 Experimental Study of Solar Thermal Collector 

The novel solar collector converts solar radiation into heat and acts as 

water storage. In order to ensure the accuracy of test results, K-type 

thermocouples are installed at the inlet and outlet of the collector. Fully 

filled with water in all glass vacuum tubes of solar collectors are tested 

the initial water temperature. The mean temperature of inlet and outlet of 

collector is the initial water temperature. Make sure the difference 

temperature between inlet and outlet is less than 0.2oC within 5 minutes. 

Terminal temperatures of water in solar collector are tested by the pump 

circulate water in water heater according to connect the inlet and outlet 

pipe. The mean temperature of inlet and outlet of water heater is the 

terminal water temperature. Make sure the difference temperature 

between inlet and outlet is less than 0.2oC within 5 minutes. 

3.2.3 Performance of Novel Solar Thermal Collector 

The experimental test of water temperature in glass tubes (130mm) with 

solar radiation on about 800 W/m2 is shown in Figure 3.26. From this, we 

can see that the water temperature increases from 31oC to 54oC when 

solar radiation varies between 804 W/m2 and 850 W/m2 in a 160-minute 

time span.  

The results of average daily efficiency with total radiation and the 

increased water temperature are plotted in Figure 3.27 and Figure 3.28. 

The average daily efficiency varies between 0.75 and 0.96 with an 

average of 0.83, which is higher than the traditional collectors. However, 

the average daily efficiency is not presented the same trend with the 

total radiation and the increased water temperature as expected.  
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Figure 3. 26 The testing results of solar radiation and water 

temperature 

Because the amount of water is quite large in glass tubes, the average 

daily efficiency with temperature enthalpy     ⁄   should be 

considered (Figure 3.29). The results showed that the average daily 

efficiency presents the same trend with temperature enthalpy. 

In order to get the expected increased water temperature, different 

diameters of glass tubes are tested. The results in Figure 3.30 show that 

the increased water temperature increases with the reducing diameter of 

glass tubes. The glass tube with diameter 50 mm presents the highest 

increased water temperature of 40.5oC, and the glass tube with diameter 

210 mm presents the lowest increased water temperature of 14.4oC. 

The water temperature of the novel solar thermal collector increases 

with the reducing the diameter of glass tubes.  
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Figure 3. 27 Varieties of average daily efficiency with total solar radiation 

  

Figure 3. 28 Varieties of average daily efficiency with increased water 

temperature 
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Figure 3. 29 Varieties of average daily efficiency with    
 ⁄    

  

Figure 3. 30 Varieties of Water Temperature with glass tube diameter  

3.3 Conclusion 

Concerning the investigation results above, it can be concluded that: 

 The electrical efficiency of PV/T collector using R134a as heat 
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transfer fluid is improved by up to 1.9%, compared with that without 

cooling.  

 The novel solar thermal collector has average daily efficiency 

ranging from 0.75 to 0.96 with an average of 0.83. Compared with 

other types of solar collector, the average daily efficiency of novel 

solar thermal collector is the highest.  
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Chapter 4 Numerical and Experimental Analysis 

on Photovoltaic/ Thermal Heat Pump 

In this chapter, a novel photovoltaic/ thermal heat pump system 

(PV/T-HP) is investigated. In this novel system, the PV/T collector panel 

(GPAC sandwich), acting as the evaporator is coupled with a heat pump 

system to provide a stable capacity for space heating and domestic hot 

water as well as electricity for compressor and pump usages. The 

working principles and the basic cycles are presented. In addition, a 

dynamic model of the novel PV/T-HP based on the distributed 

parameter approach is presented. All components in the circuit are 

assumed, including compressor, evaporator, condenser and capillary 

under the operating conditions with different solar radiations and 

different ambient temperatures. The test rig is constructed and tested for 

the determination of the steady state thermal efficiency and the electrical 

efficiency at a laboratory in Nottingham University, UK. Additionally, 

comparison between the simulation results and the experimental 

measurements is presented and showed that the model is able to give 

satisfactory prediction.  

4.1 Photovoltaic/ Thermal Heat Pump Description 

The schematic diagram of the novel PV/T-HP is shown in Figure 4.1. It is 

made up of four main components: glass vacuum tube type PV/T 

collector panel acting as evaporator, compressor, water-cooled 

condenser and thermostatic expansion valve. Receiver and filter are 

installed at the location between condenser and expansion valve. Since 

the testing is carried out in a laboratory, the PV/T collector is limited to a 

small size, and thus the heat capacity of PV panel is low. A small 
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capacity DANFOSS household compressor is employed to match the 

PV panel. The refrigerant R134a is used for the heat pump system. The 

principals’ characteristics of each component of the system are 

summarised in Table 4.1. The PV/T evaporator-GPAC sandwich is the 

key part of the system, the detail descriptions are shown in Chapter 3. 

   

Figure 4. 1 The schematic diagram of the novel PV/T-HP system  

When the heat pump system is in operation, the refrigerant mixture 

(liquid and gas) with low temperature enters the PV/T collector panel. It 

extracts the solar heat to evaporator and becomes the superheated 

refrigerant gas entering the compressor where the refrigerant pressure 

and temperature are lifted up. After that, the refrigerant gas enters the 

water-cooled condenser, it releases heat energy to water and 

condenses to liquid during the process. Finally, the refrigerant liquid with 

high pressure enters the expansion valve where the pressure drops 

sharply, and then enters the PV/T collector panel as a mixture and 

continues another cycle operation. 

The water is supplied to the condenser by the pump. It absorbs heat 

from the refrigerant gas. Then, it enters the radiator and releases heat to 

the ambient. The water supplement temperature to the condenser is 
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automatically controlled by the controller for the cooling fan. When the 

supplement temperature is higher than the setting point (T+0.2oC), the 

cooling fan starts to run and the temperature decreases. The cooling fan 

is switched off when the temperature is lower than the setting point 

(T-0.2oC). 

Table 4. 1Specification of main equipment in PV/T-HP 

Component Type Comments 

Evaporator 

Serpentine tubes in 

black flat plate heat 

exchanger with 

vacuum glass tubes 

Aluminium sheet effective 

absorptivity: 0.90 

Aluminium sheet effective 

emissivity: 0.90 

Tubes spacing: 40mm 

Thermal conductivity 

(aluminium): 235 W/m o C 

Compressor 

(Danfoss 

Compressor) 

Hermetic constant 

speed compressor, 

TL 3F 

For refrigerant R134a 

Displacement: 15.28cm3 

Rated input power: 107 W 

Condenser 

Contraflow Flat Plate 

L-line type heat 

exchanger 

SWER: B8 10H/1P 

Made of stainless steel with a 

transfer area of 172 cm2 

Thermostatic 

Expansion 

Valve 

Thermostatic 

Expansion Valve 

(TXV), type TEN 2, 

variable orifice with 

external equalizer 

Angle way 

valve body 

Inlet size: 3/8 inch 

Outlet size: 1/2 

inch 

Capillary tube 

length: 1.5 m 

Maximum 

working pressure: 

34.0 bar 

TE 2, 

flare/flare, 

versions with 

external 

equalization 

Equalization 

connection size: 

1/4 inch/ 6 mm 
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4.2 Mathematical Model and Simulation of PV/T-HP 

A dynamic model of the novel PV/T-HP based on the distributed 

parameter approach is presented and used subsequently for evaluating 

the performance. It was assumed that the system is operated at a 

quasi-state condition within every time step in numerical simulation.  

4.2.1 Compressor Mode 

Compressor is the core component of the heat pump. In this system, 

hermetic constant speed compressor is employed. Keep the structure 

dimensions of the compressor as constant, establishes the 

mathematical model to calculate outlet of the compressor which includes 

mass flow rate of the refrigerant, power, cooling capacity and exhaust 

temperature.  

Assumptions used in simulation are shown: 

 Refrigerant at the compressor is a quasi-steady single stage 

condition; 

 Neglecting the pressure drop in the discharge line. 

4.2.1.1 Mass Flow Rate of Refrigerant 

The mass flow rate of refrigerant (kg/s) is given by: 

    
   

    
 (Equation 4. 1) 

Where   is the volumetric coefficient;     is the theoretical 

displacement volume of the compressor,             ;      is the 

specific volume of the refrigerant at the inlet of the compressor.   

For piston type of compressor: 

     
   

   
    （Equation 4. 2） 
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Where   is the diameter of piston;  S is the length of compressor;  n is 

the compressor speed; and i is the number of cylinder. 

The transmission coefficient is calculated by: 

           （Equation 4. 3） 

Where    is the volumetric coefficient,  

      [ 
      

  

 

    ] （Equation 4. 4） 

Where    is the condensing pressure (Pa);     is the evaporating 

pressure (Pa),                 ;   is the relative clearance volume 

(normally 0.02 ~ 0.06); and   is the changeable swelling index 

(normally 0.95 ~ 1.05). 

   is the pressure coefficient, which is given by: 

     
   

  

   

  
  (Equation 4. 5) 

                  

   is the temperature coefficient, which is given by: 

   
  

  
  (Equation 4. 6) 

Where    is the evaporating temperature (K); and    is the condensing 

temperature (K). The leakage coefficient    is equal to volume 

coefficient.  

4.2.1.2 Power Consumption of Compressor 

As mentioned earlier, since the compression of the refrigerant vapour is 

assumed to be a polytrophic process, the compressor power    is 

given as follow: 

   
               

    
 （Equation 4. 7） 
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Where      is the enthalpy of the suction of the refrigerant (J/kg); and 

     is the enthalpy of the isentropic discharge (J/kg). 

   is the efficiency of the compressor, and given by  

   
  

  
     （Equation 4. 8） 

In there,         . 

And    is the mechanical efficiency of the compressor (normally 

0.85~0.90). 

The compressor input power     is given by 

    
  

   
 （Equation 4. 9） 

Where      is the motor efficiency of the compressor (normally 0.8), 

which is the value changed with the load rate. 

4.2.1.3 Discharge Temperature 

The compressor discharge temperature      is based on the 

compression process equation: 

          
    

    
 

   

  (Equation 4. 10) 

Where      and      are the compressor discharge temperature (K) 

and suction temperature (K), respectively;      and     are the 

discharge pressure (Pa) and suction pressure (Pa), respectively;   is 

the polytrophic exponent, 1.05-1.18. 

4.2.1.4 Numerical Procedure 

Based on the above detailed analysis of compressor, a simulated model 

is developed to estimate thermal performance of compressor. The 

thermodynamic properties of the refrigerant R 134a are available in the 
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form of computer sub-routines. The flow chart of the simulation program 

is shown in Figure 4.2. 

            

Figure 4. 2 Flow chart of the simulation program of compressor 

4.2.2 Expansion Valve Model 

The throttling process is regarded as the isenthalpic one. The mass flow 

rate is given by: 

      √            (Equation 4. 11) 

Where,     is a proportionality constant and is changed as required to 

maintain the superheat in the evaporator. 
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The thermostatic expansion valve is modelled as an orifice through 

which the liquid is expanded from condensing to evaporating pressures. 

The mass flow rate through it can be correlated according to Bernoulli 

equation, 

      √             (Equation 4. 12) 

Where,     is the density of the refrigerant (liquid) at the inlet of the 

valve (kg/m3);   is the minimum flow area across the orifice;    is the 

flow coefficient, which depends upon the degree of opening of the valve; 

The maximum value of    is reached when the valve is fully open.    

is evaluated through the empirical equation by D.D. Wile (1935): 

       √             (Equation 4. 13) 

Where      is the specific volume of outlet of refrigerant. 

For an isenthalpic process in the expansion device, the following 

equation is obtained: 

      (Equation 4. 14) 

Where    and    are the specific enthalpies of the refrigerant at the 

inlet and outlet of the valve. 

4.2.3 Water Cooled Condenser Model 

The overall heat transfer coefficient in the condenser   is equal to the 

ratio between the heat flow rate   , and the nominal heat transfer area 

   and the logarithmic mean temperature difference     

           ⁄  (Equation 4. 15) 

The nominal heat transfer area of the condenser is: 

       (Equation 4. 16) 
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That is equal to the nominal projected area       of the single 

plate multiplied by the number   of the effective elements in the heat 

transfer. The use of the projected area instead of the actual area allows 

comparing different plate patterns on an equal volume basis, shown in 

Shah and Focke (1988). Moreover, due to the brazing material 

deposition, the actual heat transfer area of a BPHE is different from that 

of the plates and generally unknown. Therefore, the surface extension of 

the plate is included directly in the heat transfer coefficient. 

The logarithmic mean temperature difference is equal to:  

                                 ⁄  ⁄  (Equation 4. 17) 

Where      is the average saturation temperature of the refrigerant 

derived from the average pressure measured on refrigerant side; 

    and     are the water temperatures at the inlet and outlet of the 

condenser. The logarithmic mean temperature difference is computed 

with reference to the average saturation temperature on the refrigerant 

side without taking into account any sub-cooling or super heating as is 

usual in the condenser design procedure (Bell and Mueller, 1984). In 

fact, when temperature of the heat transfer surface is below the 

saturation temperature, the super-heated vapour condenses directly 

with a heat transfer coefficient near to that of saturated vapour 

condensation and there is no de-super-heating area at the inlet of the 

condenser working only with gas single- phase heat transfer coefficient. 

Similarly the condensate film along the whole heat transfer surface is 

sub-cooled and there is no sub-cooling area at the outlet of the 

condenser working only with liquid single-phase heat transfer coefficient. 

Therefore, it is possible to use the saturation temperature as the 

temperature driving force and consider an average condensation heat 

transfer coefficient along the whole heat transfer surface.  
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The heat flow rate is derived from a thermal balance on the water side of 

the condenser: 

            (Equation 4. 18) 

Where    is the water flow rate,     is the water specific heat 

capacity and     is the absolute value of the temperature variation on 

the water side of the condenser.  

The calibration correlation for water side heat transfer coefficient obtains 

results: 

             ⁄     
        

      (Equation 4. 19) 

Where,                      . 

Webb (1998) proposed the following model to calculate the local heat 

transfer coefficient during forced convection condensation of 

super-heated vapour: 

                
       

    
⁄   (Equation 4. 20) 

Where      is the local heat transfer coefficient for forced convection 

condensation of saturated vapour;     is the local single-phase heat 

transfer coefficient between the super-heated vapour and the 

condensate interface;     is the specific heat capacity of the 

super-heated vapour;      is the latent heat of condensation;       is 

the local heat flux due only to phase change and   is a factor equal to 

the ratio between the local degree of super-heat and the driving 

temperature difference: 

                         ⁄  (Equation 4. 21) 

The F-factor approaches zero as the super-heat is depleted. The group 

           ⁄  is a correction term which accounts for the effect of mass 

transfer on sensible heat transfer between super-heated vapour and 
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condensate interface. The super-heated vapour condensation heat 

transfer coefficient      is referred to the temperature difference 

between average saturation temperature      and average wall 

temperature      . 

      
               

 
  (Equation 4. 22) 

       
                           

                    
 (Equation 4. 23) 

       
                 

       
 (Equation 4. 24) 

                  (Equation 4. 25) 

Where    is the heat transfer coefficient assuming the heat exchanger 

plates;    is the depth of heat exchanger plate. 

             (Equation 4. 26) 

                ⁄     

 
 ⁄    

 
 ⁄  (Equation 4. 27) 

                  ⁄  
 

 ⁄      ⁄  (Equation 4. 28) 

  
  

     
 (Equation 4. 29) 

Where    is thermal conductivity assuming vapour refrigerant;   is the 

dryness fraction. 

           ⁄  (        ) (Equation 4. 30) 

               ⁄     
        

 
 ⁄                           

(Equation 4. 31) 

The overall heat transfer coefficient is expressed as: 

 

 
 

 

  
 

 

  
 

 

    
 (Equation 4. 32) 
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4.2.4 Evaporator Model 

The mathematical model of PV/T evaporator is the same utilized in the 

Chapter 3 and detailed in the section 3.1.3. 

4.2.5 Refrigerant Charge 

The amounts of refrigerant charge are closely related to the operation of 

the refrigerant cycle and the performance of the system. Excessive or 

small refrigerant will cause the system performance degradation. In 

order to achieve the high performance, a moderate amount of refrigerant 

should be necessary. Therefore, after making sure the other parameters 

of system, the amount of refrigerant needed in the system should be 

calculated accuracy. 

When the PV/T-HP system operates, most of the refrigerant works in the 

evaporator and condenser, only a small percentage of refrigerant works 

in the compressor and the connecting pipes. The refrigerant charge is 

calculated according to the component configurations and the refrigerant 

states in each component. 

4.2.5.1 Compressor 

      ̅     (Equation 4. 33) 

Where  ̅ is the average refrigerant density. 

4.2.5.2 Condenser 

The void fraction can be calculated with the Zivi equation (1964): 
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  ) 

  

  

 (Equation 4. 34) 

   
  

  
 

 

  (Equation 4. 35) 

For the two phase zone in the condenser: 
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   [             ]     (Equation 4. 36) 

For the superheated zone and sub-cooled zone in the condenser: 

         (Equation 4. 37) 

The refrigerant charge for the condenser is: 

           (Equation 4. 38) 

Where    and    are the refrigerant charge for the two phase zone 

and single phase zone, respectively.   is the quality of the two phase 

zone.   is the area of the tube.     and     are the tube length of the 

two phase zone and single phase zone, respectively. 

4.2.5.3 Expansion Valve 

The throttling process is regarded as the isenthalpic one. The mass flow 

rate is given by 

      √           (Equation 4. 39) 

Where,     is a proportional constant and is changed as required to 

maintain the superheat in the evaporator. 

The thermostatic expansion valve is modelled as an orifice through 

which the liquid is expanded from condensing to evaporating pressures. 

The mass flow rate through it can be correlated according to Bernoulli 

equation, 

      √            (Equation 4. 40) 

Where,      is the density of the refrigerant (liquid) at the inlet of the 

valve (kg/m3),   is the minimum flow area across the orifice.    is the 

flow coefficient, which depends upon the degree of opening of the valve. 

The maximum value of    is reached when the valve is fully open.    

is evaluated through the empirical equation by D.D. Wile (1935): 
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       √             (Equation 4. 41) 

Where       is the specific volume of outlet of refrigerant. 

For an isenthalpic process in the expansion device, the following 

equation is obtained: 

      (Equation 4. 42) 

Where    and     are the specific enthalpies of the refrigerant at the 

inlet and outlet of the valve. 

4.2.5.4 PV/T Collector Panel 

The heat balance equation at the refrigerant of PV/T evaporator is given 

in Chapter 3 and detailed in Section 3.1.3. 

4.2.6 Numerical Procedure 

The simulation of the whole system is carried out using TRNSYS (Figure 

4.3). 

       

Figure 4. 3 Flow chart of the simulation program of novel PV/T-HP 
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4.3 Experimental Study of PV/T-HP 

The experimental model is constructed and tested at a laboratory for the 

determination of the steady state performance of PV/T-HP. 

 4.3.1 Layout of the Testing Rig 

In order to evaluate the system efficiency and the heat gain at the 

condenser, a Data-Taker is used to record solar radiation, temperatures 

and pressures at the key points in the circuit. There are 13 temperature 

testing points, 2 are provided for the inlet and outlet of each of the PV/T 

collector panel, 2 are provided for the inlet and outlet of the compressor, 

2 are provided for the inlet and outlet of the water side of condenser, and 

6 are provided for the inside of the PV/T collector panel. In addition, 4 

pressure transducers are provided for the inlet and outlet of the 

compressor and expansion valve. The positions of these testing points 

are shown in Figure 4.4. In addition the water mass flow rates and 

compressor power consumption are also recorded. All the measuring 

equipment is detailed description in Appendix. Then these data are 

analysed using Microsoft Excel. The experiment performances obtained 

are also compared with the simulation results and the COP.  

 

Figure 4. 4 Testing point position. 



  Chapter 4 Numerical and Experimental Analysis on PV/T-HP 

99 

 

4.3.2 Performance Assessment 

The heat gain of PV/T-HP is measured by means of the amount of heat 

carried away in the water passing through it, which is given by: 

                    (Equation 4. 43) 

Where    is the water mass flow;    is the specific heat of water;     

and      are the water temperature at the inlet and outlet of the 

condenser, respectively. 

The thermal efficiency of the PV modules is expressed as: 

   
        

        
 (Equation 4. 44) 

The energy performance of the heat pump system is assessed by the 

COP, which is given by: 

    
    

   
 (Equation 4. 45) 

Where     is the compressor power input. 

4.3.3 Test Methodology 

The solar radiation is simulated by a radiation simulating panel, which is 

made up of 12 well-distributed tungsten halogen floodlights with 500W 

power each (detailed in Appendix). The radiation can be adjusted to any 

requested value by a control box. The condenser water flow is regulated 

by a control valve. The condenser water supplement temperature is 

controlled by a control panel with manual setting.  

This section includes the results taken under three different sets of 

experiments. In the first series of experiments, the rig is tested with 

different solar radiation. The purpose evaluates how the solar radiation 

affects the performance of the system. In the second set of the 

experiment, the rig is tested with different condenser water flow rates. 
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The purpose evaluates how the flow rate affects the performance of the 

system. Finally, the third set of the experiment, the rig is tested with 

varying the condenser water supplement temperature in order to 

evaluate the thermal and electrical efficiency under different operating 

temperatures. Three testing modes are listed in Table 4.2. 

Table 4. 2 List of testing modes 

Mode 
Radiation 

(W/m2) 

Ambient 

temperature 

(oC) 

Condenser 

water flow 

(L/min) 

Condenser water 

supply 

temperature (oC) 

A 

200 10 

21.7 2 2 35 
400 10 

600 10 

800 10 

B 600 30 22.5 2 2 25, 30, 35, 40, 45 

C 590-630 23 1.3 1, 2, 3, 4, 5 35 

4.4 Performances of Photovoltaic/Thermal Heat Pump  

4.4.1 Parameters Affect the Performance of PV/T-HP 

4.4.1.1 Simulated of Change with Outlet Entropy of Evaporator 

In order to investigate the performance of PV/T-HP, the effect of PV/T 

collector area, ambient temperature, solar radiation, length of tubes and 

the dry degree of inlet are investigated by simulating of the change with 

outlet entropy of evaporator.  

Figure 4.5 shows the outlet entropy of evaporator changed with different 

solar radiations at the ambient temperature of -5oC, 0oC and 5oC. The 

outlet entropy is greatly increased as solar radiation increased, no 
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matter whether it operates at the ambient temperature of -5oC, 0oC or 

5oC. When the solar radiation increases, the outlet entropy increases 

greatly at beginning, then the increasing rate lowers. The reason is as 

the temperatures of aluminium sheet and refrigerant increased, there is 

much more heat transfer to ambient air. 

  

Figure 4. 5 Outlet entropy changed with different solar radiations 

Figure 4.6 shows the outlet entropy of evaporator changed with different 

ambient temperature at solar radiations of 300 W/m2, 400 W/m2 and 500 

W/m2. The outlet entropy is increased as the ambient temperature 

increases, no matter whether it operates at 300 W/m2, 400 W/m2 or 500 

W/m2 of solar radiations.  

Figure 4.7 shows the outlet entropy of evaporator changed with the 

length of the tube at solar radiation of 300 W/m2. It can be seen that the 

outlet entropy increases when the tube length is increasing. However, 

the trend of increasing will be smaller and smaller. That is because the 

heat transfer increases with the increasing length of the tube. 
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Figure 4.8 shows the outlet entropy of evaporator changed with the inlet 

dry degree of refrigerant at different solar radiation of 300 W/m2, 400 

W/m2 and 500 W/m2. With the increasing of inlet dry degree, outlet 

entropy has greater increased at beginning, the increasing trend slows. 

This is because the increase of inlet dry degree leads to a longer length 

of super-heated zone, and thus, a higher refrigerant temperature and 

higher heat transfer rate. 

           

Figure 4. 6 Outlet entropy changed with different ambient temperature 

           

Figure 4. 7 Outlet entropy changed with different length of tube 
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Figure 4. 8 Outlet entropy changed with different dry degree of inlet 

4.4.1.2 Experimental Results 

The testing on the effect of solar radiation on energy performance of the 

hybrid heat pump system is carried out under the testing mode A. During 

the testing, the ambient temperature, condenser water flow rate and 

condenser water supply temperature are kept constant. Figure 4.9 

shows the variation of COP, condenser heat capacity and compressor 

power input under different radiation. From this we can see that the COP 

and condenser heat capacity increases with the increasing radiation. At 

the radiation of 200W/m2, the COP is 2.9 and the condenser heat 

capacity is 345 W. As the radiation increases to 800 W/m2, the COP and 

condenser heat capacity rise to 4.6 and 582 W, respectively. The COP is 

not as high as expected due to the low capacity compressor. In addition, 

the results show that the compressor power decreases slightly from 

126.8 W to 120.9 W with the increasing radiation from 200 W/m2 to 800 

W/m2. This is because the increasing radiation leads to the increase of 

evaporating temperature and pressure, which reduces the compression 

ratio, and thus reduces the compressor power input.  
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The testing on the effect of condenser water supply temperature on 

energy performance of the hybrid heat pump system is carried out under 

the testing mode B. During the testing, the radiation, ambient 

temperature and condenser water flow rate are kept constant. Figure 

4.10 shows the variation of COP, condenser capacity and compressor 

power input under different condenser water supply temperature. It can 

be seen that the COP and condenser heat capacity decreases with the 

increasing condenser water supplement temperature. At the condenser 

water supply temperature of 25oC, the COP and condenser heat 

capacity are 5.2 and 586 W, respectively. As the condenser water 

supplement temperature increases to 45oC, the COP and condenser 

heat capacity drops to 3.2 and 495 W, respectively. It can also be found 

that the compressor power input rises from 111.8 W to 153.9 W when 

the condenser water supply temperature increases from 25oC to 45oC. 

This is because the increase of condenser water supply temperature 

leads to a higher condensing pressure, and thus, a higher compression 

ratio and higher compressor power input. When the condenser water 

supplement temperature increases, the temperature difference between 

the refrigerant and water at the condenser decreased. Therefore, the 

condenser heat capacity drops. Meanwhile, the compressor power input 

increases, so the COP drops more sharply than the condenser heat 

capacity.  
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Figure 4. 9 Variation of COP, condenser capacity and compressor 

power with radiation 

   

Figure 4. 10 Variation of COP, condenser capacity and compressor 

power with condenser water supply temperature 

The testing on the effect of condenser water flow on energy performance 

of the hybrid heat pump system is conducted under the testing mode C. 

During the testing, the radiation, ambient temperature and condenser 

water supply temperature are kept constant. From Figure 4.11, it can be 

seen that the COP and condenser heat capacity drops sharply as the 
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condenser water flow increases from 1 L/min to 2 L/min, and then the 

drop trends to be smooth as the condenser water flow continues to 

increase from 2 L/min to 5 L/min. At the condenser water flow of 1 L/min, 

the COP and condenser heat capacity are 6.7 and 916 W, respectively. 

As the condenser water flow increases to 5 L/min, the COP and 

condenser heat capacity drop to 2.8 and 352 W, respectively. It can also 

be found that the compressor power input decreases slightly from 137.4 

W to 125 W with the increasing condenser water flow.  

Figure 4.12 shows the variation of electrical efficiency and PV power 

output under different condenser water flow rate. It can be seen that the 

radiation varies within 590-630 W/m2 during the testing mode C. It has 

an important impact on the electrical efficiency and PV power output 

instead of the condenser water flow rate. The minimum radiation 

598.1W/m2 at the condenser water flow rate 2L/min leads to the 

minimum electrical efficiency of 4.2% and the minimum PV power output 

of 4.1 W, while the maximum radiation 622.8W/m2 at the condenser 

water supplement temperature of 5L/min leads to the maximum 

electrical efficiency of 4.8% and the maximum PV power output of 4.6W. 
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Figure 4. 11 Variation of COP, condenser capacity and compressor 

power with condenser water flow 

       

Figure 4. 12 Variation of electrical efficiency and PV power with different 

condenser water flow rate 

4.4.2 Performance of PV/T-HP 

Figure 4.13 shows the power consumption of PV/T-HP and the PV 

electrical output power. It can be seen that the PV output power 

increases rapidly in the morning until the peak value at 12:00 noon, then 

gradually decreases. PV output electricity is over the system power 
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consumption before 15:00, which means the system is able to operate 

the PV/T-HP by itself from 7:00 to 15:00. 

Figure 4.14 shows the variation of COP and condenser capacity of the 

PV/T-HP system. It can be seen that the COP varies from 4.90 to 6.22 

with an average value of 5.42. The condenser capacity varies from 273 

W to 435 W would provide the heat source for space heating and 

domestic hot water. 

    

Figure 4. 13 The power consumption and electrical efficiency of 

PV/T-HP 

    

Figure 4. 14 COP and condenser capacity of the PV/T-HP 
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4.5 Discussion 

This chapter presents numerical and experimental study on the energy 

performance of PV/T-HP. It can be concluded that: 

 The COP of the heat pump system increases with increasing 

radiation. The COP varies from 2.9 to 4.6, responding to the 

radiation from 200 W/m2 to 800 W/m2, at the constant condenser 

water supply rate of 2 L/min and water supply temperature of 35oC. 

The COP is not as high as expected due to the low capacity 

compressor, selected to match the small size and low capacity of PV 

panel limited indoors. 

 The COP of the heat pump system decreases with the increasing 

condenser water supplement temperature. The COP drops from 5.2 

to 3.2, responding to the condenser supplement temperature from 

25oC to 45oC, at the radiation of 600 W/m2 and condenser water flow 

rate of 2 L/min. The condenser water supply temperature has little 

effect on the PV power output and electrical efficiency. 

 The COP of the heat pump system decreases with the increasing 

condenser water flow rate. The COP drops from 6.7 to 2.8, 

responding to the condenser water flow rate from 1 L/min to 5 L/min, 

at the radiation of 600 W/m2 and condenser water supply 

temperature of 35oC. The condenser water flow rate has little effect 

on the PV power output and electrical efficiency. 



  Chapter 5 Numerical and Experimental Analysis on SAHP 

110 

 

Chapter 5 Numerical and Experimental Analysis 

on Solar Assisted Heat Pump 

In this chapter, a novel SAHP is investigated. The SAHP combines a 

novel solar thermal collector (presented in Chapter 3) with an ASHP 

together. In this novel system, solar thermal energy can be used on one 

hand directly to charge the water storage and on the other hand as heat 

source for the evaporator of the heat pump. The working principles and 

the basic cycles are presented. Then, different combinations of solar 

energy and heat pump system are considered through dynamic system 

simulation and experimental investigation.  

5.1 Solar Assisted Heat Pump Description 

The schematic diagram of the novel SAHP is shown in Figure 5.1. It 

consists of novel solar thermal collector and traditional ASHP. The 

ASHP system is made up of components: compressor, outdoor shell 

and tube heat exchanger, indoor shell and tube heat exchanger, filter 

drier, coiled adiabatic capillary, liquid tube and some accessories. The 

U-type copper tube, named U-type heat exchanger in this thesis, is 

connected in series and inserted into the glass tubes to contact solar 

collector with ASHP. The internal and external heat exchangers are 

connected with U-type heat exchanger in parallel and automatically 

controlled by the one-way valve and electro-magnetic valve. The cross 

sectional view of novel U-type heat exchanger within solar collector 

panel is shown in Figure 5.2. The refrigerant R22 is provided by 

Huachuang Company in China and employed in the ASHP.  



  Chapter 5 Numerical and Experimental Analysis on SAHP 

111 

 

   

Figure 5. 1 The schematic diagram of the novel SAHP 

   

Figure 5. 2 Cross sectional view of solar collector with U-type heat 

exchanger 

In the refrigerant cycle, the reciprocating compressor (SL232CV, Haili) is 

used in this project, which compresses the refrigerant gas and sends it 

on its way to the condenser. The compressor of this experimental has a 

rated capacity of about 1.1 kW. Theoretical suction capacity is      

         . Voltage is 220/240 V (50 Hz). There are four kinds of 

capillary used in this novel system, presented in Table 5.1. 
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Table 5. 1Characteristics of different kinds of capillary 

No. 
Electronic 

Valve 

Internal 

Diameter 
Length Quantity 

1 3 1.8 mm 1.5 m 1 

2 4 1.4 mm 1.1 m 3 

3 5 1.4 mm 1.2 m 2 

4 7 2.0 mm 1.6 m 1 

Interior shell and tube heat exchanger is formed by the continuous 

integral shells that are made of aluminium and copper tubing arranged in 

an equilateral triangle. The dimension of cooper tube is         mm. 

The tube pitch and row pitch are 20 mm and 17.32 mm, respectively. 

There are two rows of tubes along with the flow direction, 14 rows in 

height direction. The aluminium sheet is 0.1 mm in depth, the baffle 

spacing is 1.6 mm, and thermal conductivity is 204 W/ (m K). The 

dimension of area is 875 mm 285 mm 35 mm. 

External shell and tube heat exchanger is formed by the continuous 

integral shells that are made of aluminium and copper tube arranged in 

an equilateral triangle. The dimension of cooper tube is         mm. 

The tube pitch and row pitch are 25 mm and 21.65 mm, respectively. 

There are three rows of tubes along with the flow direction, 15 rows in 

height direction. The aluminium sheet is 0.15 mm in depth, the baffle 

spacing is 1.8 mm, and thermal conductivity is 204 W/ (m∙K). The 

dimension of area is 420 mm 375 mm 150 mm. 

According to the source of heat that is supplied the evaporator of heat 

pump, dual sources of heat are provided by air and solar. In this novel 

system, on one hand, solar thermal energy can be used directly to 

charge the water storage that parallel operation of solar thermal collector 
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and heat pump. On the other hand, solar thermal energy can be used as 

the heat source for the heat pump. There are four operation modes 

when operating, which include air source heat pump, solar source heat 

pump, and solar-air source heat pump as well as solar-water source 

heat pump systems. In addition, based on operation modes, there are 

nine cycles when operating in an entire year. Nine cycles are shown in 

detail. The cycle controls of novel SAHP are shown in Table 5.2. 

Table 5. 2 Cycle controls of novel SAHP (√-Turn on, X-Turn off, 

FV-Four way valve, HWV-Heat water valve) 

 

Summer Operation 

(oC) 

Winter Operation  

(oC) 

Cycle 

1 

Cycle 

2 

Cycle 

3 

Cycle 

4 

Cycle 

5 

Cycle 

6 

Cycle 

7 

Cycle 

8 

Cycle 

9 

T1<45 
T1>45 

T2<40 
T2>40 T2>5 

T2<5 

T1>15 

T3<8 

T1>15 

T3<8 

T1<15 

T2<10 

T1>15 
T1<45 

1 √ X √ X X X X X X 

2 X √ X X X √ √ X X 

3 X X X X √ X X √ X 

4 X X X √ X X X X √ 

5 √ √ √ X X X X X X 

6 X X X √ √ X X √ X 

7 X X X X X √ X X X 

8 X X X X X X X X √ 

9 

√ √ √ X X √ √ X X 

X X √ X X X X X X 
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5.1.1 Summer Condition 

Cycle 1—Air Source Heat Pump System for Space Cooling and 

Domestic Hot Water Supplement 

When solar radiation is weak in summer, the water temperature in solar 

collector is not high enough for domestic hot water supplement, cycle 1 

is operated. This cycle is an ASHP without any solar thermal system. 

The ASHP provides heat to the solar collector acting as water storage 

for domestic hot water supplement by internal heat exchanger. When 

water temperature in solar thermal collector reaches to 45oC, this cycle 

is stopped to avoid excessive heat splitting vacuum glass tubes.  

Cycle 2—Air Source Heat Pump and Solar Collector Run Separate 

Solar thermal collector and ASHP run separately during summer sunny 

days. ASHP operates as the cooling mode that extracts heat from indoor 

and transfers it to the ambient through the external heat exchanger. 

Simultaneously, the solar thermal collector extracts solar radiation to 

supply domestic hot water.  

Cycle 3—Water Source Heat Pump for Space Cooling 

During extremely hot in summer, open the water valve and control the 

water flow rate. The system then employs the U-type heat exchanger as 

evaporator. Refrigerant enters the U-type heat exchanger to extract heat 

from water of controlled flow rate for space cooling.  

5.1.2 Winter Condition 

Cycle 4—Air Source Heat Pump and Solar Collector Run Separately 

Solar thermal collector and ASHP operate separately during normal 

days in winter. ASHP operates as the heating mode that extracts heat 
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from ambient and transfers to indoor through the indoor heat exchanger. 

Simultaneously, solar thermal collector extracts solar radiation to supply 

domestic hot water.  

Cycle 5—Solar-Water source Heat Pump for Space Heating 

During the cold days in winter, the solar loop is divided into a solar side 

and a water storage loop, whereby the heat transfer between them takes 

place. In order to increase the evaporation temperature, refrigerant 

enters the U-type heat exchanger to extract heat from hot water for 

space heating. When water temperature drops below 15oC, it stops in 

order to avoid cracking the vacuum glass tubes.  

Cycle 6—Solar-Water Source Heat Pump for Defrost 

During extremely cold days, frost forms on the external heat exchanger. 

The system is operated the reverse mode. The solar energy is used to 

load the solar collector on the one hand, and to preheat the external heat 

exchanger. This cycle stops to avoid cracking the vacuum glass tubes of 

solar collector when the water temperature below 1oC.  

Cycle 7—Air Source Heat Pump for Defrost 

When ambient temperature is low, frost forms on the external heat 

exchanger. Meanwhile, water temperature in solar collector is low. In 

order to operate the system steadily, the reverse mode operates. The 

system extracts heat from indoor air to defrost the outdoor heat 

exchanger. 

Cycle 8—Solar-Water Source Heat Pump for Space Heating 

When ambient temperature is extremely low, heat is extracted heat from 

hot water in the collector for space heating, which does not guarantee 

hot water usage.  
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Cycle 9—Air Source Heat Pump for Hot Water Supply and Space 

Heating 

When ambient temperature is extremely cold, water in solar collector is 

used to defrost the outdoor heat exchanger until the system operates 

steadily. Then, heat is extracted from ambient air by outdoor heat 

exchanger for domestic hot water supplement and space heating.  

5.2 Mathematical Model and Simulation of ASHP 

A dynamic model of the PV/T-HP based on the distributed parameter 

approach is presented. It is assumed that the system is operated at a 

quasi-state condition within every time step in numerical simulation. The 

mathematical model used in this simulation is shown in Appendix I. 

5.3 Experimental Work  

The experimental rig is constructed and laboratory tested for the 

determination of the steady state performance of SAHP. 

5.3.1 Layout of the Testing Rig 

In order to evaluate the COP of the novel system and the heat gain at 

the condenser, a Data-Taker is used to record solar radiation, 

temperatures and pressures at the key points in the circuit. There are 13 

temperature testing points, 4 are provided for the inlet and outlet of each 

of the U-type heat exchangers, 2 are provided for the inlet and outlet of 

the compressor, 3 are provided for the inlet, outlet and middle of the 

indoor heat exchangers, and 4 are provided for the inlet, outlet, middle 

and the tube of the outdoor heat exchangers. In addition, 4 pressure 

transducers are provided for the inlet and outlet of the compressor and 

capillary tube. The positions of these testing points are shown in Figure 
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5.3. In addition, the water and air mass flow rates and compressor 

power consumption are also recorded. All the measuring equipment is 

detailed in Appendix IV. Then those data is analysed using Microsoft 

Excel. The experiment measurements obtained are compared with 

simulation results. 

     

Figure 5. 3 Testing point position 

5.3.2 Performance Assessment  

The heat gain of the U-type heat exchanger in the solar collector is 

measured by means of the amount of heat carried away in the water 

passing through it, which is given by: 

                    (Equation 5. 1) 

Where    is the mass flow rate of water,     and       are the 

temperature of water at the outlet and inlet of the U-type heat exchanger, 

and      is the specific heat coefficient of water. 

The heat gain of the heat exchanger in the heat pump is measured by 

means of the amount of heat carried away in the air passing through it, 

which is given by: 
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                    (Equation 5. 2) 

Where    is the mass flow rate of air,      and       are the 

temperature of the air at the exit and the inlet of the heat exchanger, 

respectively, and      is the specific heat coefficient of the air. 

The energy performance of the heat pump system is assessed by the 

COP, which is given by: 

           ⁄  (Equation 5. 3) 

Where     is the power of compressor. 

5.3.3 Test Methodology 

5.3.3.1 Indoor Heat Exchanger 

The indoor heat exchanger is placed in artificial environment simulation 

room 1 to adjust the inlet and outlet temperatures of indoor heat 

exchanger. The wind velocity of inlet keeps a constant air flow by a 

constant speed fan. The inlet and outlet air temperatures of indoor heat 

exchanger are measured by platinum resistance thermometers (PRT), 

and wind velocity of inlet is measured by hot bulb anemometer.  

Temperature difference method is used to test the water heating and 

cooling capacities in the novel heat pump system under summer and 

winter seasons. The outlet water temperatures in the solar thermal 

collector are measured by the T-type thermocouple probe. The inlet 

water temperatures in the solar thermal collector are adjusted by 

three-way valves. 

For the inlet wind velocity of indoor heat exchanger, it divides the 

rectangular surface into 12 rectangular areas, tests each area by hot 

bulb anemometer, and takes the average value as the experiment data. 

For the outlet temperature of indoor heat exchanger, it divides the outlet 
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through the longitudinal direction into 8 areas, tests each area by T-type 

thermocouples, and takes the average value as the experiment data. 

5.3.3.2 Outdoor Heat Exchanger 

The outdoor heat exchanger is placed in artificial environment simulation 

room 2 for adjusting the inlet and outlet temperatures of indoor heat 

exchanger. The temperature around the copper tube is measured by 

T-type thermocouples. In order to prevent the accuracy of measurement, 

the welded tip PTFE is fixed on the outside of the unit. The pressure 

transducer is used to test the pressures on suction and discharge of 

compressor as well as the inlet and outlet of capillary. In addition, a 

digital power meter is used to measure the power consumption of the 

compressor every five minutes. 

5.3.3.3 Solar Thermal Collector System 

The solar thermal collector system is placed in artificial environment 

simulation room 2. Simulated lights are used in the laboratory to supply 

solar radiation. A solar pyrometer is placed at the middle of the collector 

plate to measure the instantaneous simulated solar radiations. 6 K-type 

thermocouples are adhered on the collector plate uniformly in order to 

test the temperature of the collector. In addition, the inlet and outlet 

temperature and pressure are also tested by T-type thermocouple 

Probes and pressure transducers, respectively. Mass flow rate of water 

is measured using flow meter. 

All data is measured and controlled by a personal computer via data 

logger software. 
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5.4 Performance of Novel Solar Assisted Heat Pump 

System 

5.4.1 Performance of SAHP under Summer Condition 

In order to analysis the cooling performance of system, the working 

conditions in summer seasons are shown in Table 5.3. 

Table 5. 3 Working conditions in summer seasons 

Condition Ambient temperature Room temperature 

Minimum Load Condition 21oC 21oC 

Nominal Load Condition 35oC 27oC 

Maximum Load Condition 43oC 32oC 

5.4.1.1 Air Source Heat Pump for Space Cooling 

When the system operates for space cooling, the simulation and 

experimental results operated under different working conditions are 

shown in Table 5.4 and Table 5.5, respectively. In addition, Table 5.6 

shows the parameters comparison of simulation and experimental 

results for space cooling during nominal load conditions.  

In Table 5.4, the simulation results show that the COP and cooling 

capacity decreases with the increasing cooling load. At the minimum 

load condition, the COP is 3.31 and the condenser cooling capacity is 

3051 W. At the nominal working condition, the COP is 2.94 and the 

condenser cooling capacity is 3864 W. At the maximum load condition, 

the COP is 2.71 and the condenser cooling capacity is 3575 W. The 

increasing system load leads to the increase of suction and discharger 

temperature, evaporation and condensation temperature, and the power 

consumption of compressor, which reduces the cooling capacity, and 

thus reduces the COP. 
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Table 5. 4 Simulation results under different operating conditions 

 

Minimum 

load 

condition 

Nominal 

working 

condition 

Maximum 

load 

condition 

Suction temperature (oC) 18.62 20.95 24.36 

Discharge temperature (oC) 76.65 78.12 84.12 

Evaporating pressure (k Pa) 248.2 612.3 684.3 

Condensing pressure (k Pa) 964.1 1924.6 2141.3 

Cooling capacity (W) 3051 3864 3575 

Power (W) 951.3 1331.2 1394.5 

COP 3.31 2.94 2.71 

The experimental results from Table 5.5 indicate that the COP and 

cooling capacity decreases with the increasing cooling load. At the 

minimum load condition, the COP is 3.02 and the condenser cooling 

capacity is 2841.2 W. At nominal working condition, the COP is 2.56 and 

the condenser cooling capacity is 3501.2 W. At the maximum load 

condition, the COP is 2.14 and the condenser cooling capacity is 3341.2 

W. The increasing system load leads to the increase of suction and 

discharger temperature, evaporation and condensation temperature, 

and the power consumption of compressor, which reduces the cooling 

capacity, and thus reduces the COP. 

The parameters comparison of simulation results and experimental 

results for ASHP for space cooling during nominal load conditions are 

shown in Table 5.6. Based on this, we can see that the errors of 

discharge temperature, condensing pressure, cooling capacity, power 

and COP are relatively small. Only the evaporating pressure and suction 

temperature have a certain error. This is because the pressure drop is 
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ignored in the evaporator during the simulation which causes the high 

numerical value. In addition, small changes of pressure are 

corresponded to the big substantial changes of temperature.  

Table 5. 5 Simulation results under different operating conditions 

 

Minimum 

load 

condition 

Nominal 

working 

condition 

Maximum 

load 

condition 

Suction temperature (oC) 28.89 30.87 34.82 

Discharge temperature (oC) 84.9 86.5 91.97 

Evaporating pressure (k Pa) 217.5 507.12 559.8 

Condensing pressure (k Pa) 784.5 1806.2 2057.6 

Cooling capacity (W) 2841.2 3501.2 3341.2 

Power (W) 1004.3 1402.1 1459.6 

COP 3.02 2.56 2.14 

Table 5. 6 Comparison of simulation results and experimental results for 

space cooling 

 Experimental Numerical 
Relative 

error (%) 

Suction temperature (o C) 30.87 20.95 32.13 

Discharge temperature (o C) 86.5 78.12 9.68 

Evaporating pressure (k Pa) 507.12 612.3 20.74 

Condensing pressure (k Pa) 1806.2 1924.6 6.55 

Cooling capacity (W) 3501.2 3864 10.36 

Power (W) 1402.1 1331.2 5.05 

COP 2.56 2.94 14.84 
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5.4.1.2 Novel Solar Assisted Heat Pump System for Space Cooling 

and Domestic Hot Water Supply 

5.4.1.2.1 Simulation Results 

The simulations of the system that is operated for space cooling and 

domestic hot water supplement under different working conditions are 

carried out. Figure 5.4 and Figure 5.5 show the evaporating and 

condensing pressure as well as suction and discharge temperature, 

respectively. It can be seen that the increasing cooling load leads to the 

increase of suction and discharge temperature as well as evaporating 

and condensing pressure, which accelerates the growth rate of water 

temperature, and thus increases the final water temperature. 

Figure 5.7 shows the variation of COP under different working conditions 

for space cooling and hot water supplement. It can be seen that the COP 

increases with the increasing ambient temperature. This is because the 

increasing ambient temperature leads to the increase of the cooling load, 

which reduces the condensation temperature and consumption power, 

and thus increases the cooling capacity. However, the condensation 

heat is difficult to release along with the increasing water temperature, 

and thus reduces the COP gradually. 
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Figure 5. 4 Evaporating and condensing pressure change with 

simulating operation 

   

Figure 5. 5 Suction and discharge temperature change with simulating 

operation 
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Figure 5. 6 Water temperature change with simulating operation 

   

Figure 5. 7 COP change with simulating operation 

5.4.1.2.2 Experimental Results 

The testing on the influence of increasing water temperature as a 

function of time on temperature and pressure of the novel heat pump 

system is carried out. Figure 5.8, Figure 5.9 and Figure 5.10 show the 

influence of increasing water temperature as a function of time on 

evaporating and condensing pressure during operation at nominal, 
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minimum and maximum load conditions, respectively. It can be seen 

that the evaporating pressure increases with the increasing room 

temperature. This is because the increasing room temperature leads to 

the increase of temperature gap between refrigerant and room air, which 

increases the cooling load. 

 

Figure 5. 8 Variation of evaporating and condensing pressure as a 

function of time with increasing water temperatures during experimental 

operation at nominal load condition 

 

Figure 5. 9 Variation of evaporating and condensing pressure as a 

function of time with increasing water temperatures during experimental 

operation at minimum load condition 
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Figure 5. 10 Variation of evaporating and condensing pressure as a 

function of time with increasing water temperatures during experimental 

operation at maximum load condition 

Figure 5.11, Figure 5.12 and Figure 5.13 show the influence of 

increasing water temperature as a function of time on suction and 

discharge temperature during operation at nominal, minimum and 

maximum load conditions, respectively. It can be attributed to the fact 

that the length of time becomes shorter on water temperature reaches to 

45oC with the increasing room temperature. That is because the 

increasing room temperature leads to the increase of temperature gap 

between the refrigerant in internal heat exchanger and ambient air, 

which increases the heating load, and thus shorts the length of time. 

However, the rate of temperature rises slowly from 35oC to 45oC. That is 

because the area of heat exchanger in solar thermal collector is 

designed at certain value according to the nominal conditions. The heat 

transfer area is relatively large before the water temperature at 35oC. It 

means large heat transfer rate causes the temperature rise sharply 

before water temperature at 35oC. Unfortunately, with the water 

temperature is increasing from 35o C to 45oC, the reduction of heat 
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transfer area leads to the decline of heat transfer, which causes the rate 

of water temperature to rise slightly. 

 

Figure 5. 11 Variation of suction and discharge temperature as a 

function of time with increasing water temperatures during experimental 

operation at nominal load condition 

 

Figure 5. 12 Variation of suction and discharge temperature as a 

function of time with increasing water temperatures during experimental 

operation at minimum load condition 
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Figure 5. 13 Variation of suction and discharge temperature as a 

function of time with increasing water temperatures during experimental 

operation at maximum load condition 

The testing on the influence of increasing water temperature as a 

function of time on COP Total of the system is carried out. Because this 

novel system is operated for space cooling and domestic hot water 

supplement, the COP Total of the system should be comprehensive 

considered the COP w of hot water supplement and the COP c of space 

cooling.  

Figure 5.14, Figure 5.15 and Figure 5.16 show the influence of 

increasing water temperature as a function of time on COP Total during 

nominal, minimum, and maximum load conditions, respectively. Based 

on these Figures, we can see that COP w, COP c, and COP Total are 

declined with the increasing water temperature. In addition, COP w and 

COP c have the same relatively stable downward trend, the COP Total 

decreases rapidly. The COP Total of 6.8, 7.7 and 7.9 is higher than the 

traditional ASHP of 1.6, 3.3 and 3.5 when the ambient temperature at 

21oC, 35oC and 43oC, respectively. 
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When the system is operated under the nominal conditions, the COP w 

and COP c are lower than the COP of ASHP as the water temperature 

reaches to 35oC. However, the COP Total is still higher than the COP of 

ASHP. It reflects a great energy saving of novel SAHP than traditional 

ASHP for space cooling and domestic hot water supplement in most 

usage times in summer.  

When the system is operated at the minimum load conditions, the COP w 

and COP c are lower than the COP of ASHP, and the COP Total is lower 

than the COP of ASHP as the water temperature reaches to 35oC. It 

reflects that the COP of novel SAHP is not as high as expected for 

space cooling and domestic hot water supply together when operating at 

the lower ambient temperature. In order to achieve great energy savings, 

the best way is using traditional ASHP for space cooling and solar 

thermal collector for hot water supplement separately.  

When operating at the maximum load conditions, the COP of ASHP is 

the lowest due to the ambient temperature is particular high at 43oC. The 

COP c is still higher than the COP of ASHP. When the hot water is 

constantly used and the cold water is continuously injected into the glass 

tubes, the COP Total will be further improved. It reflects an efficient energy 

saving of novel SAHP than traditional ASHP for space cooling and 

domestic hot water supplement in particularly high ambient temperature 

in summer.  
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Figure 5. 14 Variation of COP at increasing water temperature during 

experimental operation at nominal load condition 

 

Figure 5. 15 Variation of COP at increasing water temperature during 

experimental operation at minimum load condition 
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Figure 5. 16 Variation of COP at increasing water temperature during 

experimental operation at maximum load condition 

5.4.1.2.3 Comparison of Simulation and Experimental Results 

Figure 5.17, Figure 5.18 and Figure 5.19 show the comparison of 

evaporating and condensing pressure, suction and discharge 

temperature, and COP on nominal load conditions, respectively. The 

errors of parameter are within the allowable range, only the deviations of 

the predicted and measured the cycle for space cooling and hot water 

supplement are more than the allowable range. That is because the 

overall of the numerical analysis is the dynamic model. However, the 

every iterative calculation is the steady state model.  
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Figure 5. 17 Comparison of evaporating and condensing pressure at 

increasing water temperature on nominal load condition 

 

Figure 5. 18 Variation of suction and discharge temperature at 

increasing water temperature on nominal load condition 
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Figure 5. 19 Comparison of COP on nominal load condition 

5.4.2 Performance of SAHP under Winter Condition 

In order to analysis the heating performance of system, the working 

conditions in winter seasons are shown in Table 5.7. 

Table 5. 7 Working conditions in winter seasons 

Condition Ambient temperature Room temperature 

Minimum Load Condition 24oC 27oC 

Nominal Load Condition 7oC 20oC 

Maximum Load Condition 2oC 20oC 

5.4.2.1 Air Source Heat Pump for Space Heating 

When the system operates for space heating, the simulation and 

experimental results operated under different working conditions are 

shown in Table 5.8 and Table 5.9, respectively. In addition, Table 5.10 

shows the parameters comparison of simulation and experimental 

results for space heating during nominal load conditions.  
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In Table 5.8, the simulation results show that the COP and heating 

capacity decreases with the decreasing heating load At the minimum 

load condition, the COP is 3.38 and the condenser heating capacity is 

3410 W. At the nominal working condition, the COP is 3.12 and the 

condenser heating capacity is 2981 W. At the maximum load condition, 

the COP is 2.61 and the condenser cooling capacity is 2547 W. The 

decreasing system load leads to the decrease of suction and discharger 

temperature, evaporation and condensation temperature, and the power 

consumption of compressor, which reduces the heating capacity, and 

thus reduces the COP. 

Table 5. 8 Simulation results under different operating conditions 

 

Minimum 

load 

condition 

Nominal 

working 

condition 

Maximum 

load 

condition 

Suction temperature (oC) 22.74 8.52 4.10 

Discharge temperature (oC) 65.12 50.21 45.19 

Evaporating pressure (k Pa) 401.23 413.59 285.97 

Condensing pressure (k Pa) 1384.57 951.78 1152.47 

Heating capacity (W) 3410 2981 2547 

Power (W) 1029.87 985.12 974.12 

COP 3.38 3.12 2.61 

The experimental results from Table 5.9 indicate that the COP and 

heating capacity decreases with the decreasing heating load. At the 

minimum load condition, the COP is 2.98 and the condenser heating 

capacity is 3864 W. At the nominal working condition, the COP is 2.62 

and the condenser heating capacity is 2558.98 W. At the maximum load 

condition, the COP is 2.01 and the condenser cooling capacity is 2102.3 
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W. The decreasing system load leads to the decrease of suction and 

discharger temperature, evaporation and condensation temperature, 

and the power consumption of compressor, which reduces the heating 

capacity, and thus reduces the COP. 

Table 5. 9 Simulation results under different operating conditions 

 

Minimum 

load 

condition 

Nominal 

working 

condition 

Maximum 

load 

condition 

Suction temperature (oC) 25.16 10.02 4.68 

Discharge temperature (oC) 68.92 61.54 46.2 

Evaporating pressure (k Pa) 289.4 311.24 194.6 

Condensing pressure (k Pa) 1617.3 1132.1 1321.5 

Heating capacity (W) 3864 2558.98 2102.3 

Power (W) 1204.3 1020.1 997.3 

COP 2.98 2.62 2.01 

The parameters comparison of simulation results and experimental 

results for ASHP for space heating during nominal load conditions are 

shown in Table 5.10. From these, we can see that the errors of the 

parameter are relatively small, and only evaporating pressure has a 

certain error. This is because the pressure drop is ignored in the 

evaporator during the simulation which causes the high numerical value. 

In addition, small changes of pressure are corresponded to the big 

substantial changes of temperature.  
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Table 5. 10 Comparison of simulation results and experimental results 

for space heating 

 Experimental Numerical 
Relative 

error (%) 

Suction temperature (oC) 10.02 8.52 14.97 

Discharge temperature (oC) 61.54 50.21 18.41 

Evaporating pressure (k Pa) 311.24 413.59 32.88 

Condensing pressure (k Pa) 1132.1 951.78 15.92 

Cooling capacity (W) 2558.98 2981 16.49 

Power (W) 1020.1 985.12 3.42 

COP 2.62 3.12 19.08 

5.4.2.2 Novel Solar Assisted Heat Pump for Space Heating and Hot 

Water Supply 

5.4.2.2.1 Simulation Results 

The simulations of the system that is operated for space heating by 

extracting heating from water in solar collector under different working 

conditions are carried. Figure 5.20 and Figure 5.21 show the 

evaporating and condenser pressures as well as suction and discharge 

temperatures, respectively. It can be seen that the increasing load leads 

to the increase of suction and discharge temperature as well as 

evaporating and condenser pressure, which accelerates the declined 

rate of water temperature, and thus decreases the final water 

temperature. 

Figure 5.22 shows the variation of COP under different working 

conditions for space heating by extracting heating from water in solar 

collector. It can be seen that the COP increases with the decreasing 
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room air temperature. This is because the decreasing room air 

temperature leads to the increasing of the heating load, which increases 

the evaporation temperature and reduces the consumption power. 

However, the evaporation heat is difficult to release along with the 

decreasing water temperature, and thus reduces the COP gradually. 

 

Figure 5. 20 Evaporating and condensing pressure change with 

simulating operation 

 

Figure 5. 21 Suction and discharge temperature change with 

simulating operation 
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Figure 5. 22 Water temperature change with simulating operation 

 

Figure 5. 23 COP change with simulating operation 

5.4.2.2.2 Experimental Results 

The testing on the influence of temperature and pressure as a function 

of time for decreasing water temperature of the hybrid heat pump 

system was carried out in the lab. Figure 5.24, Figure 5.25 and Figure 

5.26 show the influence of evaporating and condensing pressure as a 
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function of time for decreasing water temperature during operates at 

nominal, minimum and maximum load conditions, respectively. Figure 

5.27, Figure 5.28 and Figure 5.29 show the influence of suction and 

discharge temperature as a function of time for decreasing water 

temperature during operates at nominal, minimum and maximum load 

conditions, respectively. 

Based on the figures, we can see the period for water temperature 

dropping to 15oC takes more and more time with the room temperature 

increasing when novel system uses hot water in solar collector for space 

heating. That is because the heating load decreases with room 

temperature increasing, the same amount of water can maintained 

longer. With water temperature at 20oC, the water temperature 

decreases slowly due to the heat transfer area being a certain value. 

Before water temperature reaches 20oC, the heat transfer area is 

relatively large, the water temperature decreases rapidly. The heat 

transfer area is relatively reduced with the water temperature decreasing, 

resulting in the heat transfer rate declining and the water temperature 

decreasing slowly.  

When operating at the maximum load conditions, with the water 

temperature decreasing, the pressures of condensing and evaporating 

and temperatures of suction and discharge are particular increase 

because the difference between water temperature and ambient 

temperature is relatively large. When the system is stable, the 

decreasing trend gradually increases. When water temperature is at 

20oC, because of lower water temperature, the pressures of condenser 

and evaporating and the temperatures of suction and discharge are 

declined faster.  
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When operating at the minimum load conditions, with the water 

temperature decreasing, the pressures of condensing and evaporating 

and the temperatures of suction and discharge decreases slowly 

because the water temperature decreases are small and the heat 

transfer rate is relatively low. 

Furthermore, it follows that the water decreasing temperature should 

avoid low temperature, preferably no less than 15oC. If the water 

temperature is lower than 15oC, the evaporating temperature is so low 

that most of the refrigerant liquid cannot extract heat, which results in a 

reduction of heating capacity, even cracking the glass tubes of solar 

collector. 

 

Figure 5. 24 Evaporating and condensing pressure as a function of time 

for decreasing water temperatures during experimental operation at 

nominal load condition (ambient 7oC/room 20oC) 
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Figure 5. 25 Evaporating and condensing pressure as a function of time 

for decreasing water temperatures during experimental operation at 

minimum load condition (ambient 24oC/room 27oC) 

 

Figure 5. 26 Evaporating and condensing pressure as a function of time 

for decreasing water temperatures during experimental operation at 

maximum load condition (ambient 2oC/room 20oC) 
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Figure 5. 27 Variation of suction and discharge temperature at 

increasing water temperature during experimental operation at nominal 

load condition (ambient 7oC/room 20oC) 

 

Figure 5. 28 Variation of suction and discharge temperature at 

increasing water temperature during experimental operation at minimum 

load condition (ambient 24oC/room 27oC) 
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Figure 5. 29 Variation of suction and discharge temperature at 

increasing water temperature during experimental operation at 

maximum load condition (ambient 2oC/room 20oC) 

5.4.2.2.3 Comparison of Simulation and Experimental Results 

For the purpose of analysis of the COP as the function of time for 

decreasing water temperature, Figure 5.30, Figure 5.31 and Figure 5.32 

show the variation of COP at decreasing water temperature during 

nominal, minimum, and maximum load conditions. From these Figures, 

we can see that COP declines with the decreasing water temperature. 

Before water temperature reaches at 20oC, the COP declines relatively 

slowly. 

When operates at nominal and maximum load conditions, the 

temperature differences between ambient temperature and hot water 

temperature and the heat load are relatively large. The operating time is 

relatively longer than operates at minimum load conditions when using 

hot water for space heating. 

As the ambient temperature increases, the heating load is increased. 

Compared with traditional ASHP, COP varies from2.7 to 3.71, 2.65 to 
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3.58, and 2.32 to 2.86 when the ambient temperature at 2oC, 7oC, and 

24oC, respectively.  

When operating at nominal load conditions, the COP is still higher than 

the COP of ASHP during an entire process even when the water 

temperature decreases at 15oC. It reflects a great energy saving of novel 

SAHP than traditional ASHP for space heating in summer.  

When operates at the minimum load conditions, the COP is only a little 

higher than the COP of ASHP. Before water temperature reaches 20oC, 

the COP decreases rapidly. It can be seen that the COP of solar water 

for space heating is not as high as expected when ambient and room 

temperature is high. 

When operating at the maximum load conditions, the COP of ASHP is 

very low due to the ambient temperature being particularly low at 2oC. 

Using solar water for space heating, extracting heat from hot water, the 

COP is much higher than traditional the COP of ASHP. When operates 

at daytime with great solar radiation, the water temperature could 

maintain a high temperature, the COP will be further improved. 

Furthermore, when the system is operating at the extremely low ambient 

temperatures, it uses solar water for defrosting and later converts to 

ASHP. It reflects an efficient energy saving of novel SAHP over 

traditional ASHP for space heating in extremely low ambient 

temperatures in winter.  
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Figure 5. 30 Variation of COP during experimental operation at nominal 

load condition (ambient 7oC / room 20oC) 

Figure 5.33, Figure 5.34 and Figure 5.35 show the comparison of 

evaporating and condensing pressure, suction and discharge 

temperature, and the COP on nominal load conditions, respectively. 

Therefore, the errors of parameter are within the allowable range, except 

the Solar-Water heat pump domestic hot water supply cycle is not 

steady when compared with the ASHP for heating only. It means using 

the dynamic model to simulate could result in large errors. This is due to 

the operating cycle changes with the indoor and ambient temperature 

and humidity, hot water temperature as well as other parameters change, 

therefore there is no stable condition. Furthermore, the COP is not as 

high as expected due to the U-type heat exchanger, indoor and outdoor 

heat exchangers are all designed for the heating mode. 
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Figure 5. 31 Variation of COP during experimental operation at minimum 

load condition (ambient 24oC / room 27oC) 

 

Figure 5. 32 Variation of COP during experimental operation at 

maximum load condition (ambient 2oC / room 20oC) 
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Figure 5. 33 Comparison of evaporating and condensing pressure at 

increasing water temperature on nominal load condition 

 

Figure 5. 34 Variation of suction and discharge temperature at 

increasing water temperature on nominal load condition 



  Chapter 5 Numerical and Experimental Analysis on SAHP 

149 

 

 

Figure 5. 35 Comparison of COP (simulation results and experimental 

results) for space heating and domestic hot water supply on nominal 

load condition 

5.4.3 Performance of SAHP under Extreme Cold Condition 

In order to analysis the heating performance of system, the working 

conditions in extreme cold conditions are shown in Table 5.11. 

Table 5. 11 Working conditions in extremely cold seasons 

Condition 
Ambient 

temperature 

Room 

temperature 

Hot water 

temperature 

Guarantee hot 

water usage 
-25oC 20oC 40oC 

Do not guarantee 

hot water usage 
-25oC 20oC 40oC 

The suction and discharge temperature as a function of time for hot 

water usage at extremely cold conditions are shown in Figure 5.36. 

Using the U-type heat exchanger as the evaporator, it has no relation 

with the indoor temperature. The hot water needs to reach 40oC, and the 
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required heat load is not high enough, therefore, the system needs 6 

minutes of preheating itself for stable operation.  

The suction and discharge temperature as the function of time for space 

heating usage at the extremely cold conditions are shown in Figure 5.37. 

Using the U-type heat exchanger as the condenser, it has nothing to do 

with the outdoor temperature. The heat load is large because the heat 

load is large when the room temperature is 20oC. It needs 13 minutes 

when working steady. 

 

Figure 5. 36 Parameters of guaranteed hot water usage  

 

Figure 5. 37 Parameters of do not guarantee hot water usage 
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5.4.4 Performance of SAHP under Transitional Season 

In order to analysis the performance of system, the working conditions in 

transitional seasons are shown in Table 5.12. 

Table 5. 12 Working conditions in transition seasons 

Condition Ambient temperature Hot water temperature 

Nominal condition 20oC 15oC ~ 40oC 

Maximum condition 7oC 15oC ~ 40oC 

The testing on the influence of temperature and pressure as a function 

of time for increasing water temperature of the hybrid heat pump system 

is carried out. Figure 5.38 and Figure 5.39 show the influence of 

evaporating and condensing pressure as a function of time for 

decreasing water temperature during operation at nominal and 

maximum load conditions, respectively. Figure 5.40 and Figure 5.41 

demonstrate the influence of suction and discharge temperature as a 

function of time for decreasing water temperature during operates at 

nominal and maximum load conditions, respectively. 

Based on the data mention above, it follows that the time of water 

reaching 40oC gets shorter and shorter with the increasing ambient 

temperature. When the ambient temperature is increased, the 

temperature difference between refrigerant temperature in outdoor heat 

exchanger and ambient temperature increases. Therefore, the heat 

transfer increases. However, the rate of temperature rises slowly with 

water temperature at 35oC. This is because the area of heat exchange in 

the solar thermal collector system is designed with a certain value 

according the nominal conditions. The heat transfer area is relatively 

large before the water temperature reaches 35oC. It means large heat 

transfer rate causes the temperature to rise sharply before water 
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temperature reaches 35oC. Unfortunately, with the water temperature is 

increasing to 35oC, the reducing heat transfer area leads to the decline 

of heat transfer, which makes the rate of water temperature rise slightly. 

The condensing pressure and discharge temperature increases 

significantly with the increasing water temperature. Before water 

temperature reaches 35oC, the condensing pressure and discharge 

temperature rises faster because water temperatures rise rapidly. 

In addition, evaporating pressure and suction temperature slightly 

increase with the increasing water temperature in the whole process. 

Due to the water temperature is not too high, the refrigerant in U-type 

heat exchanger works well from vapour to liquid, then throttles into 

outdoor heat exchanger by capillary. The capillary has no adjustment 

function, the evaporating pressure and suction temperature are 

determined mainly by sub-cooling of refrigerant before entered in 

capillary. Sub-cooling is small and leads to the slight rise of evaporating 

pressure and suction temperature. 

The evaporating pressure increases with the increasing ambient 

temperature. When the ambient temperature is increasing, the 

temperature difference between refrigerant temperature in outdoor heat 

exchanger and ambient temperature increases. Meanwhile, the heating 

load increases. However, the ambient temperature increases more than 

the temperature difference, so the evaporating pressure is increased 

effectively. 

Furthermore, it is evident that the water heating temperature should be 

avoided high temperature, preferably no more than 45oC. If the water 

temperature exceeds 45oC, the condensing temperature should be 

higher than the water temperature. In heat transfer process, it is difficult 
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to release latent heat of refrigerant, only sensible heat is released. There 

is not a complete condensation of refrigerant vapour, which results in a 

reduction of cooling capacity. In addition, there is an increase in 

condensing pressure and discharge temperature, which increases the 

power consumption of compressor, even shuts down to protect the 

compressor.  

 

Figure 5. 38 Evaporating and condensing pressure and water 

temperature change during experimental operation at nominal load 

condition (ambient 20oC) 

 

Figure 5. 39 Evaporating and condensing pressure and water 

temperature change during experimental operation at minimum load 

condition (ambient 7oC) 
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Figure 5. 40 Variation of suction and discharge temperature at 

increasing water temperature during experimental operation at nominal 

load condition (ambient 20oC) 

 

Figure 5. 41 Variation of suction and discharge temperature at 

increasing water temperature during experimental operation at minimum 

load condition (ambient 7oC) 

Figure 5.42 and Figure 5.43 show the variation of COP at increasing 

water temperature during nominal and maximum load conditions. From 

these Figures, we can see that the system needs about 13 minutes and 
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20 minutes to operate steady with ambient temperature at 20oC and 7oC, 

respectively. In addition, the COP of ASHP for hot water supply is 

declined with the water temperature increasing. In addition, the COP of 

water temperature from 20oC to 30oC decreases smaller than the COP 

of that from 30oC to 35oC. This is because the temperature difference 

between condensing temperature and water temperature is relatively 

reduced and the power consumption is increased. When water 

temperature increases from 35oC to 40oC, it is difficult to release 

condensation heat from refrigerant to water. In order to increase the 

water temperature, it mainly depends on the power consumption of 

compressor. In this period, the COP is the lowest. It concludes that the 

refrigerant R22 is not suitable for hot water supplement.  

 

Figure 5. 42 Variation of COP during experimental operation at nominal 

load condition (ambient 20oC) 



  Chapter 5 Numerical and Experimental Analysis on SAHP 

156 

 

 

Figure 5. 43 Variation of COP during experimental operation at minimum 

load condition (ambient 7oC) 

5.5 Conclusion 

Concerning the dynamic simulation and experimental results above, it 

can be concluded that: 

 When operating in summer conditions, the          is much higher 

than        , which reflects a great energy saving of novel SAHP 

than traditional ASHP for space cooling and domestic hot water 

supply in nominal load conditions (ambient 35oC/ room 27oC) and 

maximum load conditions (ambient 43oC/ room 32oC). In addition, 

when the hot water is constantly used and the cold water is 

continuously injected into the glass tubes, the          will be 

further improved. However,          is lower than         when 

the water temperature reaches 35oC in minimum load conditions 

(ambient 21oC/ room 21oC). Furthermore, the water temperature 

should not be exceeded 45oC. 
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 When operating in winter conditions, the COP is much higher than 

        during nominal load conditions (ambient 7oC/ room 20oC) 

and maximum load conditions (ambient 2oC/ room 20oC) even when 

the water temperature over 15oC. When water temperature is below 

15oC, the COP is lower than          due to decreases rapidly. 

However, the COP is a little higher than         with water 

temperature at 20oC during minimum load conditions (ambient 24oC/ 

room 27oC). Afterwards, the COP decreases rapidly.  

 When operating in extremely cold conditions (ambient -25oC/ room 

20oC/ hot water temperature 40oC), the system needs 6 minutes and 

13 minutes to operate steadily when guaranteeing hot water supply 

and guaranteeing space heating, respectively. In this situation, it has 

nothing to do with the indoor temperature. 

 When operating in transitional seasons, the COP decreases smaller 

when the water temperature from 20oC to 30oC than the COP of that 

from 30oC to 35oC. When water temperature increases from 35oC to 

40oC, it is difficult to release condensation heat from refrigerant to 

water. In order to increase water temperature, it mainly depends on 

the power consumption of compressor. In this period, the COP is the 

lowest. It concludes that the refrigerant R22 is not suitable for hot 

water supplement.  
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Chapter 6 Conclusion and Further Work 

6.1 Conclusion 

In this thesis, in order to achieve the aims of aesthetic, efficiency and 

multi-functional, four aspects of investigations are independently 

investigated. It is considered that solar energy to charge the heat pump 

system could provide a solution and additionally provide a sustainable 

and constant COP for long term. 

Two investigations (Chapter 3) are focused on the possibilities to 

improve the electrical efficiency by reducing the PV temperature and to 

integrate architecturally with high-rise residential building sectors without 

water tanks. The two systems are investigated under the conditions to 

provide water heating. A series of indoor tests are performed at the 

laboratory of the school of the Built Environment, University of 

Nottingham. Experimental results are compared with the theoretical 

model predictions and the results provide satisfactory results. Regarding 

to novel PV/T collector panel, it can be seen that the electrical efficiency 

improvement made by refrigerant cooling increases with the increasing 

radiation. The electrical efficiency of PV/T panel is improved by up to 1.9% 

compared with that without cooling. Regarding to novel solar collector 

panel, it can be seen that the highest average daily efficiency ranging 

from 0.75 to 0.96 with an average of 0.83, which is higher than the 

traditional collectors. 

The investigation of PV/T-HP (Chapter 4) focuses on the concept that 

the PV/T collector-evaporator is coupled with a heat pump system to 

provide a stable capacity for space heating and domestic hot water as 

well as electricity for compressor and pump usages. A series of indoor 
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tests are performed at the laboratory of the school of the Built 

Environment, University of Nottingham. Experimental results are 

compared with the theoretical model predictions and the results provide 

satisfactory results. The results can be concluded that the COP of the 

heat pump system increases with the increasing radiation and 

decreases with the condenser water supplement temperature and 

condenser water flow rate. The COP varied from 2.9 to 4.6, responding 

to the radiation from 200 W/m2 to 800 W/m2, at the constant condenser 

water supply rate of 2 L/min and water supply temperature of 35oC. The 

COP drops from 5.2 to 3.2, responding to the condenser supply 

temperature from 25oC to 45oC, at the radiation of 600 W/m2 and 

condenser water flow rate of 2 L/min. The COP drops from 6.7 to 2.8, 

responding to the condenser water flow rate from 1 L/min to 5 L/min, at 

the radiation of 600 W/m2 and condenser water supply temperature of 

35oC. In addition, the condenser water supplement temperature and 

condenser water flow rate are little effect on the PV power output and 

electrical efficiency. The COP is not as high as expected due to the low 

capacity compressor. The compressor is selected to match the small 

size and low capacity of PV/T panel limited indoors. The COP of the heat 

pump system decreases with the increasing condenser water supply 

temperature. 

The investigation of novel SAHP (Chapter 5) focuses on the concept that 

solar collector is coupled with ASHP to increase the evaporator 

temperature and to supply domestic hot water for an entire year, space 

heating in winter and cooling in the summer. Experimental results are 

compared with the theoretical model predictions, the reasons for error 

formation are analysed. When the system operates in summer and 
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winter conditions, the COP is much higher than the COP of ASHP in 

nominal load conditions and maximum load conditions.  

When the system operates in minimum load conditions, the COP is 

lower than the COP of ASHP when the water reaches 35oC in summer 

condition and when the water reaches 20oC in winter conditions. When 

operating in extremely cold conditions, the system needs 6 minutes and 

13 minutes to operate steadily when guaranteeing hot water supplement 

and guaranteeing space heating, respectively. In addition, it can be 

concluded that the refrigerant R 22 is not suitable for hot water 

supplement.  

6.2 Further Works 

In this research, the PV/T-HP and SAHP are investigated and presented 

great results. In the course of the investigation, there are still some 

problems that deserve further study and improvement. Although 

substantial work is carried out during this research, there are still some 

opportunities to achieve architecture integration, efficiency improvement 

by increasing evaporation temperature and decreasing temperature of 

PV modules, as well as multi-function of the system.  

 Some cycles’ operation is not stable, which include Cycle 1—Air 

source heat pump for space cooling and domestic hot water supply; 

Cycle 7—Air source heat pump for defrost; and Cycle 

7—Solar-water source heat pump for space heating.  

 According to the simulation results, because the system operates in 

a dynamic mode, the operating cycle changes with the indoor and 

ambient temperature and humidity, hot water temperature as well as 

other parameters change, therefore there are no stable conditions. 

 Capillary is not well suited for this novel system. The capillary has no 
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adjustment functions. It cannot regulate the refrigerant flow with the 

change in working conditions. Further improvement of the novel 

SAHP system, thermal expansion valve should be used.  

 Refrigerant R22 is not suitable for hot water supplement in this novel 

system. When water temperature increases from 35oC to 40oC, it is 

difficult to release condensation heat from refrigerant to water. In 

order to increase the water temperature, it is mainly depends on the 

power consumption of compressor. Further improvement of the 

novel SAHP system, other refrigerant such as R134a should be 

used. 
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Appendix 

Appendix I: Mathematical Model and Simulation of ASHP 

A mathematical model for the novel SAHP system has been developed and 

used subsequently for evaluating the performance. It was assumed that the 

system was operated at a quasi-state condition within every time step in 

numerical simulation.  

Compressor Model  

The mathematical model used in this simulation was the same utilized in the 

Chapter 5 and details in Section 5.3.1. 

Capillary and Liquid Tube Mode  

Capillary tubes are commonly used as expansion valves in small scale heat 

pump systems. In addition, a liquid tube connects capillary and evaporator 

which contains a low quasi two phase mixture. The diameter of the liquid tube 

is small so the pressure drop needs to be considered. In this part, the empirical 

model is used for capillary and liquid tube flow. The empirical models are more 

popularly used than the distributed parameter models.  

Jung et al. (1999) suggested the following refrigerant flow model based on a 

multiple variable regression analysis of both numerical and experimental 

results. 

     
       

          ̇  (Equation 1) 

Where   is the inner diameter,   is the length of the capillary tube, and     is 

the degree of sub-cooling.  
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According to Jung et al. (1999),            ,            ,     

        ,              and              for R22.  

Condenser Model 

There are three zones when the refrigerant inside the condenser tube, 

sub-cooled liquid zone, two phase zone, and superheated vapour zone, 

showed in Figure 1. For each zone, the equation is same. 

 

Figure 1. Three zones of the condenser tube 

In this part, the zone lumped model are used to investigate (Ding, 2007). The 

numerical model was developed based on the following assumptions: 

 The transparent fluid in the condenser is in cross flow and one dimensional 

steady flow. 

 The pressure drop inside the condenser is affect by the small tube inner 

diameter, so the acceleration and friction pressure drops are both 

important. 

 Neglecting the thermal resistance in the tube wall, only convective heat 

transfer resistance is considered. 

 Neglecting the effect of gravity of the tube flow. 
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Base Model 

The heat transfer on the air side can be expressed as: 

               (Equation 2) 

The heat transfer on the refrigerant side can be expressed as: 

               (Equation 3) 

The heat transfer equation between inner and outer of the tube can be 

expressed as: 

       (Equation 4) 

The overall heat thermal equation of each zone can be expressed as: 

                (Equation 5) 

The mean temperature of refrigerant side can be expressed as: 

    
       

 
 (Equation 6) 

The mean temperature of air side can be expressed as: 

    
       

 
 (Equation 7) 

The tube length in each zone can be expressed as: 

  
  

   
 (Equation 8) 

Where  ,  ,    and   is heat transfer, enthalpy, thermodynamic temperature 

and mass flow, respectively.   is the area of each zone,   and   mean air side 

and refrigerant side.   is the mean temperature, and     is inner tube. Leakage 

coefficient     is assumed to equal 0.9.        

The overall heat transfer coefficient based on the nominal inside area, can be 

expressed as: 

   
 

  
 

  

    
    (Equation 9) 
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Where     and     are the heat transfer coefficient of refrigerant and air 

interface, and 
  

  
 is the effective heat transfer area ratio of condenser. 

Therefore, the tube length in each zone is given by: 

  
 

 

  
 

  
    

            

            
 (Equation 10) 

Convective Heat Transfer Coefficient on Refrigerant Side 

The refrigerant flows in the sub-cooled and superheated zone are both single 

phase flow, so the convective heat transfer coefficient can be calculated with 

the Dittus-Boelter Equation (1979): 

                    (Equation 11) 

    
    

 
 (Equation 12) 

   
    

 
 (Equation 13) 

The refrigerant flow in the two phase zone is two phase flow, so the convective 

heat transfer coefficient can be calculated with the Shah Equation (1979): 

                
                 

       (Equation 14) 

  
 

  
⁄  (Equation 15) 

Where      is the heat transfer coefficient assuming the mass flow are liquid 

and air together,     is the heat transfer coefficient assuming all the mass flow 

is liquid and is calculated with the Dittus-Boelter equation, and   is the 

reduced pressure. 

Convective Heat Transfer Coefficient on Air Side 

For plain fins, the air side heat transfer coefficient is calculated with the Li et al. 

(1997): 

                
  

  
         

   

  
         (Equation 16) 
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         (Equation 17) 

     
  

 ⁄  (Equation 18) 

  
             

    
 (Equation 19) 

   
       

  
 (Equation 20) 

   
    

 
 (Equation 21) 

   
      

 
 (Equation 22) 

Where    is the fin space,    is the tube spacing perpendicular to the air 

flow,    is the tube spacing in the air flow,    is the tube outside diameter 

including the fin thickness,    is the external diameter of the tube,   is the fin 

thickness,   is the number of tube rows in air flow direction,     is the mass 

flow of air, and    is the air side effective heat transfer area. 

Convective Heat Transfer on Water Side of Novel Solar Thermal Collector 

System 

The water side heat exchanger of novel solar thermal collector system is used 

as condenser. 

The overall heat thermal equation of each zone can be expressed as: 

                  (Equation 23) 

The overall heat transfer coefficient based on the nominal inside area can be 

expressed as: 

   
 

  
 

  

    
    (Equation 24) 

The heat transfer equation between inner and outer of the tube can be 

expressed as: 

       (Equation 25) 

The tube length in each zone is given by: 
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 (Equation 26) 

Numerical Procedure 

Based on the above detailed analysis of condenser, the flow chart of the 

simulation program is shown in Figure 2. 

 

Figure 2. Flow chart of the simulation program of condenser 

Evaporator Model 

There are two zones when the refrigerant inside the evaporator, two phase 

zone, and superheated vapour zone. For each zone, the equation is same. In 

this part, the zone lumped model are used also used to investigate the 



  Appendix 

194 

 

evaporator (Ding, 2007). The numerical model was developed based on the 

following assumptions: 

 The transparent fluid in the condenser is in cross flow and one dimensional 

steady flow. 

 Neglecting the thermal resistance in the tube wall, only convective heat 

transfer resistance is considered. 

 Neglecting the effect of gravity of the tube flow. 

Base Model 

The heat transfer on the refrigerant side can be expressed as: 

                            (Equation 27) 

    
       

 
 (Equation 28) 

Where    is the refrigerant heat transfer coefficient,    is the surface area of 

the tube,    is the tube outside diameter,     is the mean temperature of 

refrigerant. 

The heat transfer on the air side can be expressed as: 

                              (Equation 29) 

    
       

 
 (Equation 30) 

  
     

         
 (Equation 31) 

Where     is the air heat transfer coefficient,     is the mean temperature of 

air. 

The heat transfer equation between inner and outer of the tube can be 

expressed as: 

       (Equation 32) 
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Where   is the leakage coefficient and is assumed equal as 0.9. 

The tube length in each zone can be expressed as: 

  
  

             
 

   

              
 (Equation 33) 

Convective Heat Transfer Coefficient on Refrigerant Side 

The refrigerant flow in the superheated zone is single phase flow, so the 

convective heat transfer coefficient can be calculated with the Dittus-Boelter 

Equation (1979): 

                   (Equation 34) 

    
    

 
 (Equation 35) 

   
    

 
 (Equation 36) 

The refrigerant flow in the two phase zone is two phase flow, the heat transfer 

coefficient can be expressed by: 

   

  
       

                 
      (Equation 37) 

             
        

   

  
 (Equation 38) 

   
         

  
 (Equation 39) 

    
   

 
     

  

  
     (Equation 40) 

   
 

  
  (Equation 41) 

    
  

 

     
   

 (Equation 42) 

                
                 

       (Equation 43) 

  
 

  
⁄  (Equation 44) 

Convective Heat Transfer Coefficient on Air Side 
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For plain fins, the air side heat transfer coefficient is calculated with the Li et al. 

(1997): 

                
  

  
         

   

  
         (Equation 45) 

         (Equation 46) 

     
  

 ⁄  (Equation 47) 

  
             

    
 (Equation 48) 

   
       

  
 (Equation 49) 

   
    

 
 (Equation 50) 

   
      

 
 (Equation 51) 

Where    is the fin space,    is the tube spacing perpendicular to the air 

flow,    is the tube spacing in the air flow,    is the tube outside diameter 

including the fin thickness,    is the external diameter of the tube,   is the fin 

thickness,   is the number of tube rows in air flow direction,     is the mass 

flow of air, and    is the air side effective heat transfer area. 

Convective Heat Transfer on Water Side of Novel Solar Thermal Collector 

System 

The water side heat exchanger of novel solar thermal collector system is used 

as evaporator. The overall heat thermal equation of each zone can be 

expressed as: 

        
                       (Equation 52) 

The heat transfer equation between inner and outer of the tube can be 

expressed as: 

       (Equation 53) 

The tube length in each zone is given by: 
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 (Equation 54) 

Numerical Procedure 

Based on the above detailed analysis of condenser, the flow chart of the 

simulation program is shown in Figure 3. 

 

Figure 3. Flow chart of the simulation program of condenser 

Refrigerant Charge 

The amounts of refrigerant charge are close related to the operation of the 

refrigerant cycle and the performance of the system. Excessive or small 

refrigerant will cause the system performance degradation. In order to achieve 

the high performance, a moderate amount of refrigerant should be necessary. 
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Therefore, after make sure the other parameters of system, the amount of 

refrigerant are needed in the system should to calculated accuracy. 

When the SAHP system operates, most of the refrigerant works in the 

evaporator and condenser, only a small percent of refrigerant in the 

compressor and the connecting pipes. The refrigerant charge is calculated 

according to the component configurations and the refrigerant states in each 

component. 

Compressor 

      ̅     (Equation 55) 

Where  ̅ is the average density of refrigerant, based on the inlet and outlet of 

average vapour temperature. 

Condenser 

The void fraction can be calculated with the Zivi equation (1964): 

   
 

  (
 

 
  )   

  

  

 (Equation 56) 

   
  

  
 

 

  (Equation 57) 

For the two phase zone in the condenser: 

   [             ]     (Equation 58) 

For the superheated zone and sub-cooled zone in the condenser: 

         (Equation 59) 

The refrigerant charge for the condenser is: 

           (Equation 60) 

Where    and    are the refrigerant charge for the two phase zone and 

single phase zone, respectively,    is the quality of the two phase zone,     

and      are the tube length of the two phase zone and single phase zone, 

respectively, and    is the area of the tube. 
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Capillary 

The void fraction can be calculated with the Zivi Equation (1964): 

    
 

  (
 

 
  )   

  

  

  (Equation 61) 

   
  

  
 

 

  (Equation 62) 

For the two phase zone in the capillary: 

   [             ]     (Equation 63) 

For the superheated zone and sub-cooled zone in the capillary: 

         (Equation 64) 

The refrigerant charge in the capillary is: 

            (Equation 65) 

Where    and    are the refrigerant charge for the two phase zone and 

single phase zone, respectively,    is the quality of the two phase zone,     

and      are the tube length of the two phase zone and single phase zone, 

respectively, and    is the area of the tube. 

Evaporator 

The void fraction can be calculated with the Hughmark model (1994) 

  
     

 
 (Equation 66) 

For the two phase zone in the evaporator: 

   [           ]     (Equation 67) 

For the single phase zone in the evaporator: 

         (Equation 68) 

The refrigerant charge in the evaporator is: 

         (Equation 69) 
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Where    and    are the refrigerant charge for the two phase zone and 

single phase zone, respectively,    is the quality of the two phase zone,     

and      are the tube length of the two phase zone and single phase zone, 

respectively, and    is the area of the tube. 

Whole System 

The refrigerant charge for the whole system is: 

                       (Equation 70) 
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Appendix II: Thermodynamic Properties 

The Thermodynamic Properties of R22  

The refrigerant thermodynamic properties are evaluated using the Cleland 

correlation (1986). 

Saturation Pressure and Saturation Temperature 

             
  

       
  (Equation 71) 

     
  

         
    (Equation 72) 

Where             ,              , and          . 

Enthalpy of Liquid 

               
      

  (Equation 73) 

Where           ,           ,           ,             , and    

is the liquid temperature (o C).  

Enthalpy of Saturated Gas 

            Equation 74  

                     
         

   Equation 75  

Where           ,           ,             ,               

                  

Enthalpy of Superheated Gas 

           (Equation 76) 

   

   
                  

                     
                 

  

       
     

  (Equation 77) 

Where                ,              ,                ,     

           ,               ,                  , and      is the 

superheated gas temperature. 
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Specific Volume of Saturated Gas 

                         ⁄                      
         

   

(Equation 78) 

Where               ,             ,             ,               , 

               , and                . 

Specific Volume of Superheated Gas 

                      
                     

                 
  

       
     

    Equation 79  

Where                                                   

                            and                 . 

Viscosity of Saturated Liquid 

                                                   

(Equation 80) 

Where                 ,                ,                 , 

                 , and                 . 

Viscosity of Saturated Gas 

                      
         

  (Equation 81) 

Where                 ,                ,                   , 

and                 . 

Specific Volume and Entropy of Saturated Liquid 

                   
        (Equation 82) 

                    (Equation 83) 

Where              ,                ,                 , 

          , and           . 

Entropy of Saturated Gas 

                       
        (Equation 84) 

Where             ,                 , and                  
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Prandtl Number of Saturated Liquid 

                                                        

                              (Equation 85) 

Where              ,                ,                , 

               ,                ,                  , and 

                . 

Prandtl Number of Saturated Gas 

                                                        

                 (Equation 86) 

Where               ,                ,                 , 

                ,                , and                 . 

Thermal Conductivity of Saturated Liquid 

                  
       

       
  (Equation 87) 

Where                 ,                 ,                , 

                , and                . 

Thermal Conductivity of Saturated Gas 

                                                          

                   (Equation 88) 

Where                 ,                ,                 , 

                ,                 , and                . 

The Thermodynamic Properties of Moist Air  

Atmospheric air (moist air) contains many gaseous components as well as 

water vapour and miscellaneous contaminants. As a two component mixture of 

dry air and water vapour, the amount of water vapour in moist air varies from 

zero to a maximum that depends on temperature and pressure. However, 

pressure refers to saturation, a state of neutral equilibrium between moist air 
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and the condensed water phase. In there, the thermodynamic equations and 

sub-routine based on heat exchanger models are given. 

Vapour Pressure of Water (Hyland and Wexler, 1983) 

Temperature range: -100 o C ~ 0 o C 

          ⁄            
     

     
        (Equation 89) 

Temperature range: 0 o C ~ 200 o C 

          ⁄              
      

         (Equation 90) 

Where               ,            ,                ,    

            ,                 ,                   ,    

         ,               ,              , and                   , 

                 ,                  , and               . 

Density of Moist Air 

          
 

 
        

     

 
 (Equation 91) 

Where   is relative density of moist air and   is barometric pressure. 

Humidity Ration  

  
          

       
 (Equation 92) 

Specific Enthalpy  

                          (Equation 93) 

Specific Heat 

     
           

   
 (Equation 94) 

Viscosity and Thermal Conductivity 

               
 

      
     (Equation 95) 

               
 

      
     (Equation 96) 
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Dew Point Temperature 

   
 

       
   (Equation 97) 

When           ,  

                                 ; 

When            ,  

                                ; 

The Thermodynamic Properties of Water  

Calculated the heat transfer of novel solar thermal collector system, 

thermodynamic properties of water should be used. In there, the 

thermodynamic equations and sub-routine based on heat exchanger models 

are given. 

Viscosity of Water 

  
  

            (Equation 98) 

Where    is the dynamic viscosity at 0 o C,                     , 

            ,                , and                . 

Thermal Conductivity of Water 

             
  (Equation 99) 

Where                ,                , and                

 . 

Density of Water 

             
  (Equation 100) 

Where                ,                 , and 

                . 

Specific Heat Capacity of Water at Constant Pressure 
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  (Equation 101) 

Where                                  and                 . 

Prandtl Number of Water 

    
   

 
 (Equation 102) 

Numerical Procedure 

The simulation of the whole system was carried out using Visual Basic and 

then presented the results, showed in Figure 4.  

 

Figure 4. Flow chart of the simulation program of novel SAHP 
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Appendix III: Heat source (21 Tungsten Halogen (500W) lamps) 

In order to simulate the sun, a variable movable lights simulator made up of 21, 

500W halogen lamps was used in the lab (Figure 4.21). This adjustable light 

simulated the solar radiations, and was placed tilted at 15 degrees in order to 

have horizontal radiations on the solar collector. Also, a light regulator switch 

also shown in Figure 5, which allowed the variation of radiations to obtain the 

sun radiations range from 200 W/m2 to 1000 W/m2. 

 

Figure 5 Twenty-one 500W halogen lamps simulator and the regulator 

switch. 
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Appendix IV: Measurement Equipment 

The specifications of all the measurement equipment are shown in the Table 1. 

In order to evaluate the preliminary thermal performance of the novel heat 

pump system, a series of experiments was conducted at the laboratory. The 

procedures followed to conduct the measurement equipment are described 

below. 

Table 1. Specification of the measurement equipment 

Item Device Quantity Location 

1 
Pyranometer (Kipp & Zonen 

CMP11, Netherlands) 
1 Solar collector panel 

2 
Plug-in power & energy monitor 

(Energy Monitor World, UK) 
1 Compressor input (AC) 

3 
Pressure transducer (RS 

461-341, UK) 
4 

Inlet and outlet of 

compressor, capillary, 

solar collector and 

outdoor heat exchanger 

4 
Adhesive thermocouple type K 

(RS 621-2287, UK) 
6 Solar collector plate 

5 
PT100 temperature sensor (RS 

611-8264, UK) 
13 

Inlet and outlet of outdoor 

heat exchanger, solar 

collector panel, and 

indoor heat exchanger 

6 Data logger (DT500, UK) 1  

7 
Calibrated flow indicator (RS 

186-0049) 
1 Water pipe after pump 

8 Hot bulb anemometer 2 

Indoor heat exchanger 

and outdoor heat 

exchanger 

9 
Digital thermometer (Digitron 

T208) 
1 Room temperature 
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Measuring the Temperature 

The temperatures were measured in the testing rig using K-type 

thermocouples, T-type thermocouples and platinum resistance thermometers 

(RTDs). The room temperatures were measured using the high performance 

humidity and temperature meter and a digital thermometer. The characteristics 

and illustrations are showed in Table 2 and Figure 6. 

Table 2. The characteristics of temperature measurement equipment 

(Technology Pico, 2001) 

Types Description 

T-type thermocouple 

probe 

Operating range: -418oC to 700oC, low accuracy 

RTD (PT100) Operating range: -250oC to 850oC, very high 

accuracy 

K-type thermocouple Operating range: -20oC to 250oC, high accuracy  

Digital thermometer Range from -199oC to +199.9oC  

Accuracy: 0.01%rdg. 0.2oC 

Resolution: 0.1oC 

Digital temperature 

and humidity meter 

Range: humidity: 0-100%RH, temperature: -20oC –

60oC  

Accuracy: humidity: 3.5%RH, temperature: 2oC 

Resolution: 0.1%RH, 0. oC  

Operation temperature: 0oC –40oC (<80%RH) 
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Figure 6. Illustration of the temperature sensors of the testing rig 

Measured the Pressures 

Pressure are measured with GP pressure transmitter, which is a multipurpose, 

high performance stainless steel 0-100Mv output transducer transmitting at 4 ~ 

20mA output range (Table 3). The pressure range is 0-10bar. It is a 

temperature compensated strain gauge technology with a  0.25% accuracy 

full scale. Figure 7 shows both the GP pressure transducer and the mode of 

installation on the test rig with the extension output cable to the data logger. 

        

Figure 7. GP pressure transducer 
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Table 3. Specification of the pressure transducer 

Category  Pressure sensors 

Proof pressure 2×Range (×5 Burst Pressure) 

Analogue output 4 to 20 mA 

Supply voltage 12 to 36 Vdc 

0-5V output (Transducers) 

-40 to +100/125oC transmitter/transducer range 

2×rated overpressure up to 250mb 

Measuring water mass flow rate 

Mass flow rate of the water was measured using flow meter, shown in Figure 8. 

             

Figure 8. Water flow meter 

Measuring the compressor power consumption 

A digital power meter was used to measure the power consumption of the 

compressor every five minutes, shown in Figure 9. 

Measuring the simulated solar radiation 

A solar pyrometer CM11 (shown in Figure 10) was placed at the middle of the 

solar collector panel and used to measure the instantaneous solar radiation. 

The specification of the CM11 pyrometer is shown in Table 4.  
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Figure 9. The single phase watt hour meter 

                    

Figure 10. Kipp & Zonen, CM11 pyranometer 

Table 4. Specifications of the CM11 pyrometer 

Spectral range 305-2800nm (50% points) 

Sensitivity  4.56×10-6 V/W m2 

Accuracy  Humidity: 3.5%RH 

Temperature: 2oC 

Response time (95%) 15 sec 

Temperature dependence of 

sensitivity 

< 1 W/m2%(beam 1000Wm2) 

Directional error < 1% (-10 to +40oC) 

Impedance (nominal) 700-1500Ω 

Operation temperature -40oC to +80oC 
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Data Collect-Data Taker DT500 

All data was measured, monitored and controlled by a personal computer via 

data logger software. In order to record experimental data (solar radiation, 

compressor temperatures, condenser and evaporator temperatures), the 

Data-Taker DT500 is connected to the computer (shown in Figure 11), and 

using appropriate software, one stores data in the computer for future 

reference and then transfer to spreadsheet for examination. 

                  

Figure 11. Data Taker DT500 

 

 

 

 

 

 

 

 


